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Figure 1 : Organisation générale du système digestif humain et des glandes accessoires. 9	E(-	
4	*-		-			*)	 Y*)	 -)	 	-)		 GG-)	)		
-)	 	 ?	 )	 	 ?	 )	 	 ?	 )	 	 ?	 -V)	 	 -	 	
B	 	 -	 	 	 	 C	 -I	 	 	 	 	 	 	
P	)	4)				QP4	(	U		9E)	  QB	
A 
Angle hépatique
H	
+E	
	
	
,-I	
I	
Figure 2 : Représentation schématique de la paroi et de l’épithélium intestinal.		A. 9		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Figure 3 : Composition et concentration des espèces microbiennes dominantes dans les différentes
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Figure 4 : Mécanismes de défense mis en place au niveau de la barrière intestinale pour limiter les
interactions entre les bactéries de la lumière et les cellules épithéliales intestinales. 9	 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Figure 5 : Epaisseur des couches de mucus tapissant l’épithélium en fonction de la localisation 
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Figure 6 : Représentation schématique d’une crypte iléale. 9	 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Figure 7 : Organisation du système immunitaire intestinale. 9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Figure 8 : Structure et composition protéique des complexes apicaux de jonctions. 
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Figure 11 : Techniques utilisées pour l’observation des complexes de jonctions serrées. 
A.	 1	 	 -	 I	 
	 -	 P$2Q	 	 G	 	 	
E4		*-		P(	J,-	B)	 :6;QB	B.	1		G	
		$2		
		E4		-*			25/						
	 G	 , 	 	 -I	 	 	 	 	 P(	 J,-	  B)	 /QB	 C.	
1				P	Q			P	Q		--4			
	 	 	 	 I	 C-	 	 C	 	 	 
	 	 4*-B	
9--4	-				C	-C		G		P
	*QB	
	
		 -		 *-		 	2&,K)	 		E		 	 E-	 P
	
Q	P(	2	3%	:QB		3	3	)23	2*	3)	"9	"	
	
A 
B 
3	
	
C -TNF- +TNF-
Occludine,
Actine, ADN
(G% 
#
6	
	
	
	 4(	 -	 	 -	 	 	 Z	 P2*-  )	 5QB	 9	
-C	 C	 	 	 ?	 	 	 	 	 	 Z	 -	 	
		-	-	-Z*			*	--			P*)	
QB	+)						(					4-		
			 -	
	 					P4-		 	-C		G	
Q)	 I	 	 	 	 	-	 	 	 	 	 	 *B	 9	 	
	 	 		 	 4		 *-)	 	-		 		 C		
-				4(		-		-	
		4		
P  )	 .QB	 	 I)	 	 -	 	 	 =-	 	 	 	
-					-I)					-	4(	I-	
	-					G	B	
	 9	-Z-	*I		Z		
		-			-		
*J	 	 	 -B	 9	 	 C	 /F	 	 	 4*-	 #2+	 	 	 	
4I--	 B	 +	 	 )	 	 -)	 	 	 	 44	 	 	
E	 	 	 	 4-	 	 	 G	 	 	 G	 	 	
B	9	4C			-		?			*				*	
B	9				-						-				
4			-		-C)	-					B	
+	*I				-	
	-		Y	-		-			-		
44	 -	 	 	 4	 -I	 --	 	 -	 	 *I	 	
*J	'--B	
2,$,X,;,$,:%
"


	 	 	 	  :6;)	 	 *I	 	-	 I	 
	 -)	
	 
	 	 	 *-	 	 -C)	 	 	 	 	 	 	 	
G	 	 	 *)	 -	 	 -C	 -	 	 4	 	 4	
(B			-E			 	 G			4	 	 			
P>	4J	4	@QB	+	*I		4I--				*-		-C	
P@&*+
QB		)	 		Z		
		 *I		 ---I			
	 	 -	 	 	 	 	 Z	 PJ,-  )	  :6;X	
J,)	/Q	P@&*+
QB		
	 	-C							G	C		-	
	 	 	 -I	 4	 	 --,**-I	 	 	 	
4-								C				B	$4)		
Figure 12 : Stratégies utilisées par les bactéries pathogènes pour altérer les complexes de
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Figure 15 : Incidence et répartition géographique de la maladie de Crohn (MC) dans le monde et
en France. A. 9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Figure 16 : Principales différences entre la maladie de Crohn (MC) et la rectocolite
hémorragique (RCH). A. 9	+	 	 *	 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Figure 17 : Etiologie multifactorielle de la maladie de Crohn. 9	 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Figure 18 : Différentiation des lymphocytes T CD4+ et profil d’expression de cytokines. A. 		
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Figure 19 : Principaux facteurs génétiques impliqués dans l’étiologie des maladies
inflammatoires chroniques de l’intestin (MICI). 9	 (	 	 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Figure 20 : Fonctions biologiques présentant au moins 3 gènes dans lesquels des mutations 
sont associées au risque de développer une MC. 9	 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Figure 21 : Structure du récepteur intra-cytoplasmique NOD2/CARD15. 9	 	
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Figure 22 : Régulation négative de la voie TLR2 par la voie NOD2. A.	 9	 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Figure 23 : Activation des récepteurs TLR et réponse immunitaire innée. 9		29%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Figure 25 : Impact des polymorphismes dans les gènes 
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Figure 26 : Signalisation consécutive à l’activation du récepteur IL-23R conduisant à la
production de cytokines pro-inflammatoires telles que l’IL-17. 9		#9,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Cytokines  
pro-inflammatoires
Protéines 
anti-apoptotiques
Autophosphorylation
Phosphorylation
Dimérisation
Cytoplasme 
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Figure 27 : Expression de la protéine de stress du réticulum Gp96 chez les patients atteints de
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Figure 29 : Comparaison du microbiote intestinal chez des patients atteints de maladie de
Crohn iléale, colique, de rectocolite hémorragique (RCH), et chez des sujets contrôlesB	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Figure 30 : Autophagie et contrôle intracellulaire de la bactérie LF82. 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Figure 31 : 	=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Figure 32 : Caractéristiques phénotypiques des 	=  adhérents et invasifs associés à la
maladie de Crohn. A.	 +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Colonisation de la muqueuse ,
l’interaction entre les pili de type 1 et 
CEACAM6
Internalisation des AIEC ,
l’interaction entre les OMV et Gp96
Multiplication des AIEC dans les 
cellules épithéliales et les 
macrophages 
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Figure 33 : Facteurs de virulence identifiés chez les bactéries AIEC permettant leur adhésion 
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Figure 34 : Structure de la sous-unité FimH, adhésine des pili de type 1 et principaux
polymorphismes retrouvés chez les souches AIEC. A. +	 ,	 	 	 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Figure 35 : Implication du récepteur CEACAM6 dans la colonisation de la muqueuse iléale des
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Figure 36 : Structure des différentes molécules de la famille CEACAM. 9	 	
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Figure 37 : Site HRE « Hypoxia Responsive Element ». 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Figure 38 : Régulation de l’activité du facteur de transcription HIF-1 par l’oxygène. $	
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Figure 40 : Expression de HIF-1 dans la maladie de Crohn.	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Figure 41 : Biogenèse et maturation des microARN. 9	E*(		 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Figure 42: Modification de l’expression de
microARN (miARN) dans la maladie de Crohn
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Figure 43 : Différents niveaux de compaction de l’ADN dans le noyau des cellules eucaryotes.	
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Figure 47 : Conséquence de la méthylation de l’ADN sur la structure de la chromatine. A.	9	
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Figure 46 : Synthèse des molécules donneuses de groupements méthyles permettant la
méthylation des dinucléotides CpG de l’ADN de mammifères. 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Figure 48 : Mécanismes moléculaires impliqués dans la méthylation et la déméthylation de
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ORIGINAL ARTICLE
Adherent-invasive Escherichia coli Induce Claudin-2
Expression and Barrier Defect in CEABAC10 Mice and
Crohn’s Disease Patients
Je0 re0my Denizot,*,† Adeline Sivignon,*,†,‡ Frederick Barreau, PhD,§ Claude Darcha, MD,¶
H.F. Carlos Chan, MD,k,** Clifford P. Stanners, MD,**,†† Paul Hofman, MD,‡‡
Arlette Darfeuille-Michaud, PhD,*,†,‡ and Nicolas Barnich, PhD*,†,‡
Background: Abnormal expression of CEACAM6 observed on the ileal epithelium in Crohn’s disease (CD) patients allows adherent-invasive
Escherichia coli (AIEC) to colonize gut mucosa. Since intestinal permeability is significantly increased in CD patients, we aimed at investigating
whether and how AIEC alter barrier function.
Methods: Tissue microarray was performed on ileal biopsies from CD patients in quiescent and active phases. CEABAC10 or wildtype mice
were orally challenged with 109 bacteria. Intestinal permeability was assessed by measuring 4 kDa dextran-FITC flux in serum, barrier integrity
was analyzed using biotin tracer experiment, and claudin-2 protein immunostaining. Bacterial translocation was analyzed in Ussing chambers.
Results: Pore-forming tight junction protein claudin-2 is strongly expressed in the ileum of 51% patients in quiescent phase and in 49% of the
patients with active CD. Infection of CEABAC10 transgenic mice expressing human CEACAMs with AIEC, but not with nonpathogenic E. coli,
led to a significant 3.0-fold increase in intestinal permeability and to disruption of mucosal integrity in a type 1 pili-dependent mechanism. This
is consistent with the claudin-2 abnormal expression at the plasma membrane of intestinal epithelial cells observed in AIEC-infected CEABAC10
mice. AIEC bacteria were able to translocate through CEABAC10 intestinal mucosa.
Conclusions: These findings strongly support the hypothesis that AIEC type 1 pili-mediated interaction with CEACAM6 abnormally expressed
in the quiescent phase of CD may disrupt intestinal barrier integrity before the onset of inflammation. Thus, therapeutic targeting claudin-2
induced by AIEC infection could be a new clinical strategy for preserving intestinal barrier function in CD patients.
(Inflamm Bowel Dis 2011;000:000–000)
Key Words: inflammatory bowel disease, barrier function, type 1 pili, CEACAMs molecules, claudin-2
I nflammatory bowel diseases (IBDs), including ulcerativecolitis (UC) and Crohn’s disease (CD), are immunologi-
cally mediated with genetic and environmental influences.
Genetic factors include defective immunoregulation, mu-
cosal integrity/repair, and bacterial killing. The abnormal
inflammatory response observed in IBD involves an inter-
play between host susceptibility factors and the intestinal
microbiota,1 (review2). Adherent-invasive E. coli (AIEC)
are highly associated with ileal mucosa in CD patients.3
CD-associated AIEC adhered to the brush border of pri-
mary ileal enterocytes isolated from CD patients but not
from controls without IBD via the recognition between
type 1 pili expressed on the bacterial surface and carcino-
embryonic antigen-related cell-adhesion molecule 6 (CEA-
CAM6) abnormally expressed in the ileal epithelial cells
of CD patients.4 CD-associated AIEC colonize and induce
strong gut inflammation in CEABAC10 transgenic mice
expressing human CEACAMs.5 Two independent studies
have reported in vitro that AIEC decrease transepithelial
resistance of intestinal epithelial cell (IEC) monolayer and
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induce disorganization of F-actin and mislocalization of
ZO-1 and E-cadherin, suggesting an effect of bacterial
infection on intestinal defective barrier function in CD
patients.6,7
The gut epithelial barrier separates the luminal con-
tents from the mucosal immune system. Increased intestinal
permeability has been linked to chronic mucosal inflamma-
tion and IBD.8 More recently, intestinal permeability was
reported to be significantly increased in 36% of CD
patients.9 Vogelsang10 recently suggested that environmen-
tal factors must be involved since 1) intestinal permeability
can decrease over time even without ongoing therapy, 2)
permeability is not increased in every patient with CD, and
3) permeability can be increased in spouses of CD patients.
In parallel, bacterial translocation of E. coli, Enterococcus
spp., Clostridium perfringens has been observed in the
mesenteric nodes in 30%–50% of CD patients versus 5%–
15% in healthy controls.11,12 This can be explained by
defects in the structure and function of apical junctional
complexes (AJCs), which are involved in animal models of
IBD and in IBD patients.13 Moreover, the epithelium in
inflamed intestinal segments of CD patients is characterized
by a decrease in tight junction strands, strand breaks, and
alterations of tight junction protein composition. Barrier
dysfunction precedes relapse of CD in asymptomatic
patients, and studies demonstrate specific distribution pat-
tern of the tight junction proteins in IBD patients.14,15
These observations present novel insights into the physio-
pathology of CD by a previously unrecognized defect in in-
testinal barrier function in ileal CD. Therefore, in the pres-
ent study we analyzed whether AIEC infection may alter
intestinal barrier function in the context of CEACAM6
abnormal expression. Since CD patients have increased in-
testinal permeability and since claudin-2 overexpression
has been shown to increase intestinal permeability, we
hypothesized that AIEC colonization, involving CEACAM6
abnormal expression, may lead to the increase in claudin-2
expression altering intestinal permeability.
MATERIALS AND METHODS
Patients, Bacterial Strains, and Mice Model
All patients included in this study were hospitalized in
the Department of Gastroenterology (Hôpital Archet II, Uni-
versité de Nice Sophia, France) and provided signed consent
for this study. The protocol was approved by the local ethics
committee of the Hôpital Pasteur of Nice. Intestinal biopsies
were obtained from macroscopically inflamed mucosa of the
terminal ileum in 105 CD patients and from macroscopically
noninflamed mucosa of the terminal ileum in 95 CD patients
(quiescent phase of the disease). There were 115 men and 85
women, with a mean age of 44 years (range 19–64) and mean
disease duration of 13 years (range 2–26). Patients were all
French Caucasians. In addition, biopsies were taken from the
ileum of 60 control patients consisting of individuals who had
no significant pathological findings following endoscopic ex-
amination for changes in stool habits, abdominal pain, or can-
cer surveillance.
Ampicillin–erythromycin-resistant AIEC LF82 isolated
from a CD patient were used.16 A nonpiliated insertion mutant
52D11 and the E. coli K-12 MG1655 rifampicin-resistant
strain (laboratory stock) were also used in this study. Bacteria
were cultured as described previously.5
All mice were housed in specific pathogen-free condi-
tions in the animal care facility at the Université d’Auvergne
(Clermont-Ferrand, France). FVB/N wildtype (WT) mice were
purchased from Charles River Laboratories (Wilmington, MA)
and CEABAC10 transgenic mice (heterozygote17) were main-
tained in our animal facilities. WT and CEABAC10 mice
were coupled to obtain 50% WT mice and 50% CEABAC10
mice. Animals from the same generation were used for
experimentation.
Tissue Microarray (TMA) Construction and
Immunohistochemistry
Representative intestinal biopsies obtained for each indi-
vidual in building TMAs were selected from hematoxylin and
eosin (H&E)-stained sections. Briefly, TMA were constructed
as previously described for digestive specimens.18,19 The tis-
sue cores were arrayed into a new paraffin block using a fine
steel needle. Immunohistochemical methods were performed
as previously described.18,19 Anti-claudin 2 antibody
(AbCAM), and monoclonal anti-CEACAM6 clone 9A6 (Geno-
vac, Freiburg, Germany) were used. After immunostaining,
slides were analyzed with an image analysis workstation (Spot
Browser v. 7; Alphelys, Plaisie, France), as described
previously.20
Mice infection, Clinical Assessment of Colitis, and
Histological Evaluation of Colonic Damage
Seven to 9-week-old FVB/N WT or CEABAC10 female
mice (body weight, 20–26 g) were pretreated by oral adminis-
tration of the broad-spectrum antibiotic streptomycin (5 mg
intragastric per mouse) to disrupt normal resident bacterial
flora in the intestinal tract21,22 and were orally challenged with
109 bacteria 24 hours later. For induction of experimental coli-
tis, mice received 1% (w/v) dextran sulfate sodium (DSS,
M.W. ¼ 36,000–50,000, MP Biomedicals, Solon, OH) in
drinking water for 6 days. The Disease Activity Index (DAI)
was ascertained as defined in Table 1 and colonic histological
damages were assessed as described in Table 2 after H&E
staining.
Ussing Chamber Experiments and
Fluorescence In Situ Hybridization (FISH)
Biopsies from WT or CEABAC10 proximal colon were
placed in a chamber exposing 0.196 cm2 of tissue surface to
Inflamm Bowel DisDenizot et al
2
1.6 mL of circulating oxygenated Ringer solution at 37C.
Bacterial translocation was studied using ampicilin/erythromy-
cin-resistant AIEC LF82, type 1 pili deficient mutant 52D11
or Rifampicyn-resistant E. coli K-12 MG1655 at a final con-
centration of 107 CFU/mL in the mucosal reservoir. Bacteria
from the serosal compartment were numbered at 0, 3, and 5
hours after infection by plating on agar plate supplemented
with appropriate antibiotics. For visualization of the interac-
tion between E. coli bacteria and colonic mucosa used in
Ussing chambers, 5-lm sections of paraffin-embedded colonic
mucosa were subjected to FISH using Cy3-labeled probe
EUB338.23 The slides were examined with a LSM 510 Meta
confocal microscope.
In Vivo Intestinal Permeability Measurement
and Tracer Experiments
In vivo intestinal permeability was measured using
FITC-dextran 4 kDa (FD4, Sigma, St. Louis, MO). Mice were
orally challenged with 15 mg FD4 diluted in phosphate-buf-
fered saline (PBS) 5 hours before blood collection. Serum was
collected by centrifugation (30 min, 5500g) and FITC concen-
tration was determined by fluorescence measurement and com-
pared with a standard curve of FD4 diluted in serum.
EZ-link Sulfo-NHS-Biotin (Pierce Chemical, Rockford,
IL) was used as a small (443 Da) molecular tracer. Biotin was
diluted to 2 mg/mL in PBS þ 1 mM CaCl2 just prior to use.
Animals were sacrificed and colons were removed and placed
in PBS at 37C. Biotin was slowly injected into the colon for
3.5 minutes. Colons were then snap-frozen and cut in optimal
cutting temperature (OCT) in 5 lm slides. Tissue sections
were incubated with a 1:500 dilution of Alexa488-conjugated
streptavidin for 30 minutes and imaged by confocal micros-
copy using LSM 510 Meta. To test for endogenous biotin
reactivity, biotin was not added to the tissue.
Immunofluorescence and Immunohistochemistry
Snap-frozen colon in isopentane were embedded in
OCT medium and stored at 80C. Eight micrometers of fro-
zen colon were cut in a cryostat. Colonic mucosa were fixed
in 1% paraformaldehyde (PFA) for 20 minutes, washed in
PBS, and permeabilization was performed using 0.5 Triton
X-100 in PBS for 20 minutes. Unspecific sites were blocked
using PBS 5% foetal bovin serum (FBS) and 2% bovine se-
rum albumin (BSA) for 1 hour. Rabbit anti-claudin-2
(AbCam) antibody was diluted in blocking buffer (1/150) and
incubated overnight at 4C. After PBS washes, tissues were
incubated for 90 minutes with a donkey antirabbit Cy3-conju-
gated secondary antibody diluted in PBS-FBS 5% supple-
mented with Hoechst. Slides were mounted using Mountex-
mounting medium (CellPath). Tissues were visualized using a
confocal microscope Zeiss LSM 510 Meta (Carl Zeiss, Thorn-
wood, NY).
TABLE 1. Disease Activity Index (DAI) Assessment
Score Characteristic(s)
Body weight loss 0 no loss
1 1 to 5% loss of body weight
2 5 to 10% loss of body weight
3 10 to 20% loss of body weight
4 >20% loss of body weight
Stool consistency 0 normal feces
1 loose stool
2 watery diarrhea
3 slimy diarrhea, little blood
4 severe watery diarrhea with blood
Blood in stool 0 no blood
2 presence of blood assessed
by Hemoccult II test
4 visible bleeding
TABLE 2. Histological Grading of Intestinal Inflammation
Score Characteristic(s)
Infiltration of
inflammatory cells
0 rare inflammatory cells
in the lamina propria
1 increased numbers of inflammatory
cells, including neutrophils in the
lamina propria
2 confluence of inflammatory
cells extending
into the submucosa
3 transmural extension of
the inflammatory
cell infiltrate
Infiltration of lamina
propria by mononuclear
cells
0
1
2
normal
moderate
Great
Infiltration of lamina
propria by
polynuclear cells
0
1
2
normal
moderate
great
Infiltration of epithelium
by polynuclear cells
0
1
2
3
no infiltration
surface
inside the crypt
cryptic abscess
Severity of epithelial
damage
0
1
2
3
absence of mucosal damage
lymphoepithelial lesions
mucosal erosion/ulceration
extensive mucosal damage
and extension through
deeper structures of the
bowel wall
Surface of epithelial
damage
0
1
2
normal
focal
wide
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Immunohistochemistry for human CEACAM6 expres-
sion in mice was performed on 5-lm deparaffinized sections
using an automated single-staining procedure (Benchmark XT,
Ventana Medical Systems, Roche Group, Tucson, AZ).
Briefly, citrate-pretreated sections were immunostained for
CEACAM6 (monoclonal mouse anti-CEACAM6, clone 9A6,
30 min incubation with a dilution of 1/50) and revealed with
the Ultra View kit (Ventana).
Statistical Analysis
For analysis of the significance of difference in claudin-
2 and CEACAM6 immunostainings, assays were compared
using Student’s t-test. Values are expressed as the mean 6
SEM of number of experiments. The association of claudin-2
expression with disease phases was made using chi squared
analysis. For mice experiments, values are expressed as mean
6 SEM or median. Statistical analyses were performed using
GraphPad Prism 4.00 (GraphPad Software, San Diego, CA)
software package for PC. Single comparisons were performed
by unpaired Mann–Whitney test. P < 0.05 was considered as
statistically significant.
Ethical Considerations
Each patient who took part in the study provided a
signed agreement, and the TMA protocol was approved by the
local Ethics Committee of the University of Nice Sophia
Antipolis, France. Animal protocols were approved by the
Ethical Committee CEMEAA, France.
RESULTS
Pore-forming Tight Junction Claudin-2
Protein Expression Is Strongly Increased
in the Ileal Epithelium of CD Patients
Intestinal biopsies were processed for claudin-2 im-
munostaining on ileal mucosa of 105 CD patients with
macroscopically inflamed mucosa, of 95 CD patients with
noninflamed mucosa, and of 60 controls using anti-claudin-
2 antibody. In contrast to control ileal biopsies, immunohis-
tochemistry showed a very strong staining of claudin-2 in
ileal epithelium in the quiescent and acute phases of CD
patients (Fig. 1A,a–c). In quiescent and active CD patients,
claudin-2 immunostaining was observed in 48/95 (51%)
and 51/105 (49%) individuals, respectively. In CD patients,
claudin-2 was observed at the surface of the epithelium,
mostly at the lateral plasma membrane. Quantification of
claudin-2 immunostaining of ileal biopsies showed that the
numbers of claudin-2-positive cells in patients in the quies-
cent or acute phase of CD were similar and significantly
higher than those observed in controls (Fig. 1B). To deter-
mine whether a link exists between claudin-2 and CEA-
CAM6 expression, we also analyzed the expression of
CEACAM6 in CD ileal specimens. As previously
reported,24 basal CEACAM6 expression was observed on
the apical side of the epithelium in quiescent CD and was
highly increased in the active CD patients included in the
present study (Fig. 1A,d–f,B). Interestingly, strong staining
of claudin-2 was observed together with that of CEACAM6
at the apical plasma membrane of the ileal epithelium of
CD patients in quiescent phase.
Intestinal Expression of Human CEACAMs Alters
Intestinal Homeostasis
We performed in vivo experiments in order to evalu-
ate the effect of abnormal expression of human CEACAMs
on gut barrier function. Intestinal permeability was assessed
by measuring FITC-labeled 4 kDa dextran concentration in
the serum 5 hours after intragastric administration. A sig-
nificant 1.8-fold increase in fluorescence was measured in
the serum of CEABAC10 mice compared to WT controls
(Fig. 2A). A median of 0.75 lg/mL of FITC-dextran was
detected in the serum of CEABAC10 mice compared to
0.41 lg/mL in the serum of WT mice (P ¼ 0.003). How-
ever, histological examination of colonic mucosa from
CEABAC10 mice showed no signs of inflammation. No
epithelial damage and no infiltration of immune cells in the
lamina propria of colonic mucosa were observed in the ab-
sence of infection (Fig. 2B). Abnormal expression of
human CEACAMs in CEABAC10 mice and their involve-
ment in intestinal permeability regulation in vivo without
any clinical evidence of disease led us to predict that CEA-
BAC10 mice would have enhanced sensitivity to induced
colitis. Increased clinical symptoms of colitis were
observed in CEABAC10 mice treated with DSS compared
to WT mice. The DAI score of CEABAC10 mice treated
with 1% of DSS was significantly higher at day 6 (5.2 6
1.3) compared to WT mice treated with similar amounts of
DSS (0.6 6 0.3; P < 0.001) (Fig. 2C). Taken together,
these data show that CEABAC10 mice did not develop
spontaneous intestinal inflammation, but rather suggest a
central role of human CEACAMs in the regulation of epi-
thelial barrier function.
AIEC Gut Colonization Increases Intestinal
Permeability in CEABAC10 Mice
We next assessed the impact of AIEC infection in
the intestinal permeability of WT and CEABAC10 mice.
Interestingly, at day 3 postinfection, which is a very early
stage in the disease course, a significant 3.0-fold (2.26 lg/
mL) (P < 0.001) increase in FITC-labeled 4 kDa dextran
concentration was measured in the serum of AIEC LF82-
infected CEABAC10 mice compared to noninfected CEA-
BAC10 mice (0.75 lg/mL). In contrast, no increase in fluo-
rescence in serum was detected in AIEC LF82-infected
WT mice compared to noninfected WT mice (Fig. 3A). Of
note, as observed after AIEC infection, a 6-day treatment
with 1% DSS led to a 3.0-fold (2.24 lg/mL) increase in
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FITC-labeled 4 kDa dextran concentration measured in the
serum of CEABAC10 mice, compared to untreated CEA-
BAC10 mice (0.75 lg/mL) (n ¼ 5) (Fig. 3A). Histological
examinations by standard blinded histological scoring pa-
rameters of colonic tissues were performed to evaluate the
degree of inflammation. The histological score was not sig-
nificantly increased in AIEC LF82 infected-CEABAC10
mice 3 days postinfection and was similar to what was
observed after 1% DSS treatment for 6 days in WT mice.
In contrast, histological score was significantly increased in
1% DSS-treated CEABAC10 mice compared to 1% DSS-
treated WT mice or nontreated CEABAC10 mice (Fig.
3B). Hemorrhagic walls with multiple ulcerations, mucosal
edema, neutrophil infiltrations with transmural involvement,
cryptic abscess formation, and presence of large erosion
areas were observed only on histological colonic sections
from 1% DSS-treated CEABAC10 mice. Thus, the
increased 4 kDa dextran concentration measured in the
FIGURE 1. Increased Claudin-2 and CEACAM6 expression in the ileal biopsies of patients with CD in quiescent phase. (A) Claudin-2 (a–c)
and CEACAM6 (d–f ) immunohistochemical staining of tissue microarrays (TMAs) from ileal biopsies of controls (a,d), CD patients in the qui-
escent phase (b,e) or CD patients in the acute inflamed phase (c,f ); immunoperoxidase 400. (B) Quantification of CEACAM6 and claudin-2
immunostaining positive cell density using the Spot Browser software, in TMAs from ileal biopsies of controls and patients in the quiescent
and acute phase of CD **P < 0.01.
FIGURE 2. CEACAMs regulate intestinal homeostasis. (A) Intestinal permeability was assessed by measuring FITC-dextran 4 kDa (FD4) in
mice serum 5 hours after intragastric administration of 15 mg FD4 in WT and in CEABAC10 mice (n ¼ 8/group). Results are expressed in lg
of FD4 in mice serum. (B) WT and CEABAC10 mice (n ¼ 5/group) were sacrificed and colons were cut into 5-lm slides and hematoxylin-eo-
sin-safran (HES)-stained. (C) WT and CEABAC10 mice (n ¼ 7/group) received 1% DSS in drinking water for 6 days, and DAI was assessed as
described in Table 1. Error bars represent SEM. *P < 0.05; **P < 0.01.
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serum of AIEC LF82-infected CEABAC10 mice is not a
consequence of the heavy epithelial damage or inflamma-
tion as observed in 1% DSS-treated CEABAC10 mice.
Interestingly, as observed with nonpathogenic E. coli
MG1655, infection with the AIEC LF82 type 1 pili defi-
cient mutant (52D11) did not increase FITC-dextran flux
(Fig. 3C). These findings strongly suggest that type 1 pili-
dependent interaction between AIEC bacteria and CEA-
CAM molecules alters mucosa integrity, which precedes
the development of inflammation.
AIEC LF82 Infection Induces Tight Junction
Claudin-2 Protein in CEABAC10 Mice Intestine
To determine whether the integrity of the apical junc-
tion complex in the colon is functionally altered by AIEC
infection, we used a biotin tracer molecule. In colon from
LF82-infected CEABAC10 mice, biotin/streptavidin stain-
ing was observed within the intestinal mucosa and labeling
was also noted within and between many colonic surface
epithelial cells (Fig. 4A). In contrast, biotin/streptavidin
staining was only detected on the surface of mucosa in
WT-infected mice, as well as in noninfected WT and CEA-
BAC10 mice. Integrity of the intestinal barrier depends on
the pattern and localization of TJs proteins. Since we
observed a strong increase in pore-forming claudin-2
expression in quiescent and acute phase in CD patients, we
investigated whether AIEC infection could lead to an
increase in claudin-2 in CEABAC10 mice. AIEC LF82
infection led to a strong expression of membrane associated
pore-forming claudin-2 protein in the colonic mucosa of
CEABAC10 mice infected with AIEC LF82 bacteria. In
contrast, infection with E. coli K12 MG1655 increased
claudin-2 expression, but labeling was not associated with
cells plasma membrane (Fig. 4B). As control, claudin-2
protein was barely detected in uninfected WT and CEA-
BAC10 mice colons. These findings indicate that AIEC are
able to alter in vivo intestinal barrier function by modulat-
ing claudin-2 expression in the gut mucosa of mice
expressing human CEACAMs.
Intestinal CEACAMs Expression Favors
AIEC Translocation
We investigated whether increase in intestinal per-
meability, measured at the basal level or after AIEC-infec-
tion in CEABAC10 mice, could help AIEC LF82 bacteria
to translocate across intestinal epithelium. Since
FIGURE 3. AIEC LF82 infection increases intestinal permeability in
vivo in CEABAC10 mice. (A) Mice were received 5 mg of streptomy-
cin 24 hours before administration of 109 bacteria. Intestinal per-
meability was measured in WT and CEABAC10 mice uninfected or
infected with AIEC LF82 (n ¼ 9/group) and in mice treated with
1% DSS for 6 days (n ¼ 5/group). Results are expressed in lg of
FD4/mL in serum 5 hours after intragastric administration. (B) His-
topathological scoring for several parameters of colonic inflamma-
tion as described in Table 2 was performed after HES staining of
colonic tissue sections obtained at 3 days postinfection with AIEC
LF82 and after 6 days of 1% DSS treatment (n ¼ 7/group). (C) In-
testinal permeability was measured in noninfected CEABAC10 mice
or in CEABAC10 mice infected with AIEC LF82, AIEC LF82 type 1
pili-deficient mutant 52D11 or E. coli K-12 MG1655 (n ¼ 5–9).
Results are expressed in lg of FD4 in serum 5 hours after intragas-
tric administration. **P < 0.01; ***P < 0.001.
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immunostaining analysis indicated that expression of CEA-
CAM6 was restricted to the epithelial surface of colonic
mucosa (Fig. 5A), we mounted CEACAM6-expressing or
WT proximal colons ex vivo in Ussing chambers to ana-
lyze bacterial translocation. AIEC LF82 were detected on
the serosal side of CEACAM6-expressing proximal colon
after 3 hours of infection (1956.7 cfu/mm2), and to a
greater extent after 5 hours (55439.5 cfu/mm2) (Fig. 5B).
In contrast, no bacteria were detected on the serosal side
of WT colon. When the nonpathogenic E. coli K-12
MG1655 strain was used, no bacteria were detected on the
serosal side of either WT or CEACAM6-expressing colon
(Fig. 5C). FISH analysis visualized AIEC LF82 bacteria
within the epithelium of CEACAM6-expressing colonic
mucosa after 5 hours of infection in Ussing chambers
(Fig. 5D), but not in WT mucosa. Of great interest, the
ability of AIEC LF82 type 1 pili-deficient mutant (52D11)
to translocate through colonic mucosa expressing CEA-
CAMs was significantly impaired (Fig. 5E). Taken to-
gether, these results suggest the involvement of CEACAM
molecules in AIEC translocation across gut mucosa in a
type 1 pili-dependent manner.
DISCUSSION
Increased intestinal permeability has been observed
in CD patients, and many studies have highlighted the
major role played by tight junction proteins in intestinal
homeostasis. Components of these TJ are down- or
FIGURE 4. AIEC LF82 disrupts intestinal barrier function by increasing claudin-2 expression in CEABAC10 mice. (A) Biotin tracer experiments
were performed on WT and CEABAC10 mice before and after infection with AIEC LF82 (n ¼ 5/group). The biotin tracer is green and the nu-
cleus blue. (B) Claudin-2 was stained by immunofluorescence (in red) on colonic cryosections from CEABAC10 mice uninfected or infected
with AIEC LF82 or E. coli K-12 MG1655 (n ¼ 5/group) for 3 days. DNA was stained in blue using Hoechst.
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upregulated in CD ileal lesions.15,25–31 Abnormal expres-
sion of CEACAM6 observed at the apical surface of the
ileal epithelium in CD patients allows AIEC to colonize
gut mucosa, leading to the development of inflamma-
tion.5,24 We hypothesized that increased intestinal perme-
ability in CD patients may results from the interaction
between AIEC bacteria and CEACAM6 abnormally
expressed on the ileal mucosa. Thus, we performed in vivo
experiments to analyze whether CEACAMs overexpression
and AIEC infection can result in abnormal intestinal per-
meability and disruption of barrier function.
To mimic abnormal expression of CEACAM6
observed in CD patients, we used the CEABAC10 trans-
genic mouse model expressing human CEACAMs.17 We
showed that basal intestinal permeability and sensitivity to
DSS-induced colitis were increased in CEABAC10 mice
compared to WT mice. It was quite surprising that CEA-
BAC10 mice had increased permeability without any clini-
cal evidence of colitis. This can be explained by the obser-
vation that the colonic mucosa of CEABAC10 mice exhibit
many abnormalities in epithelial appearance, such as hyper-
proliferation and differentiation blocking in colonic epithe-
lium, which cause a decrease in goblet cell composition.32
We also hypothesized that CEACAMs molecules, which
are intercellular adhesion molecules, may paradoxically
weaken adhesion between adult colonocytes by interfering
with other adhesion molecules situated between their lateral
membranes. This could lead to a disruption of normal
FIGURE 5. Intestinal CEACAM expression favors AIEC LF82 translocation. (A) CEACAM6 immunohistological staining of ileal and colonic mu-
cosa from CEABAC10 mice (n ¼ 5). Black arrows show CEACAM6 expression. (B) Translocation of AIEC LF82 or (C) E. coli K-12 MG1655 cross-
ing colonic mucosa from WT and CEABAC10 mice was assessed after different times of infection in Ussing chambers. Translocated bacteria
were counted on the serosal side after 0, 3, and 5 hours of infection. (D) FISH experiments revealed AIEC LF82 bacteria (stained in red,
pointed by arrows) associated with colonic mucosa (DNA was stained in blue) 5 hours after infection (n ¼ 5/group). Uninfected colons
were used as negative control. (E) Translocation of AIEC LF82 and LF82 type 1 pili-deficient mutant 52D11 across a CEACAMs-expressing
mucosa was measured after 5 hours of infection in Ussing chambers (n > 9). **P < 0.01; *P < 0.05.
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tissue architecture in the colonic epithelium.33 Our findings
suggest a new role of CEACAMs in CD physiopathology,
that of increasing basal intestinal permeability. In a subpopu-
lation of CD patients, the primary defect may be abnormal
intestinal epithelial barrier function leading to intestinal
inflammation. Dysregulated epithelial barrier function pre-
cedes histologic evidence of ileitis in SAMP1/YitFc mice, a
spontaneous model of IBD closely resembling CD in its his-
tologic features and located at the terminal ileum.34 Given
the high intestinal bacterial load in CD patients compared to
controls,35 early barrier dysfunction gains special signifi-
cance with regard to the pathogenesis of CD.
Immunohistological analysis of TMAs from CD
patients and controls revealed a strong increase in claudin-
2 expression in ileal biopsies of CD patients in quiescent
phase compared to that in control biopsies. We observed
that the level of claudin-2 abnormal expression was maxi-
mal and the same in the quiescent and active ileal mucosa
of CD patients. In agreement with previous results, CEA-
CAM6 was abnormally expressed in quiescent phase before
the development of inflammation and significantly
increased under inflammatory stimuli in the acute phase
compared to the quiescent phase of CD.24 AIEC have been
reported to be more prevalent in CD patients than in con-
trols in studies from several countries.3,7,36–38 Since AIEC
bacteria are able to colonize colonic mucosa of mice
expressing human CEACAMs molecules, we hypothesized
that one of the consequences of AIEC/CEACAM6 interac-
tion in CD patients could be the induction of claudin-2
expression, leading to increased intestinal permeability pre-
ceding inflammation in predisposed patients abnormally
expressing CEACAM6.9,39,40 Two independent studies
reported in vitro that AIEC decreased the transepithelial re-
sistance of the intestinal epithelial cell (IEC) monolayer
and induced disorganization of F-actin and mislocalization
of ZO-1 and E-cadherin.6,7 Thus, we investigated the effect
of AIEC infection on paracellular intestinal permeability in
vivo using CEABAC10 mice model mimicking susceptibil-
ity of CD patients to AIEC infection. AIEC infection, but
not type 1 pili AIEC negative mutant, significantly
enhanced intestinal permeability only in CEABAC10 mice,
suggesting that interactions between CEACAM molecule
and type 1 pili are critical for AIEC to disrupt the intestinal
barrier. Our previous studies showed AIEC LF82 transloca-
tion in CEABAC10 mice liver and spleen.5 In physiologi-
cal conditions, immunostaining analysis of human CEA-
CAM6 expression in CEABAC10 transgenic mice
indicated that expression of CEACAM6 was restricted to
the colonic mucosa (Fig. 5A), confirming the previously
reported absence of ceacam6 mRNA in the ileal mucosa of
CEABAC10 transgenic mice.17 In addition, in this mouse
model challenged with AIEC bacteria, we previously
observed an absence of ileal inflammation and colonization,
which was explained by the lack of ileal CEACAM6
expression.5 We thus used this in vivo model of intestinal
mucosa expressing human CEACAM6 to assess the conse-
quence of the interaction between AIEC bacteria and
human CEACAM6 in the colonic mucosa of transgenic
mice. Here we report that AIEC LF82 was able to translo-
cate only across a CEACAM-expressing proximal colon.
This suggests that the interaction between CEACAMs mol-
ecule and AIEC bacteria on mucosal surface is essential in
AIEC translocation. Interestingly, the increased intestinal
permeability observed in AIEC LF82-infected CEABAC10
mice is similar to what was observed after 6 days of 1%
DSS challenge. However, as observed at 3 days postinfec-
tion, increased intestinal permeability was not due to visi-
ble strong gut inflammation since a similar histological
score was observed in 1% DSS-treated WT mice and
AIEC-infected CEABAC10 mice and intestinal permeabil-
ity was significantly different in the two conditions. Thus,
the increased intestinal permeability in AIEC-infected
CEABAC10 mice was probably due to alteration of the ap-
ical junctional complex functions. This is in good agree-
ment with experiments using biotin tracer that have indi-
cated a functionally deficient epithelial cell barrier in
AIEC-infected CEABAC10 mice.
A specific distribution pattern of the tight junction
proteins has been reported in IBD patients.15,41 As
observed in the quiescent phase in ileal mucosa of CD
patients, AIEC infection in CEABAC10 mice led to a
marked increase in pore-forming claudin-2 expression
located at cell membrane in CEABAC10 colonic mucosa,
before any signs of inflammation, which can enhance tight
junction permeability for cation, thus providing a molecular
basis for AIEC epithelial barrier disruption. Interestingly,
E. coli K12 MG1655 is able to increase claudin-2 expres-
sion but its location remains cytoplasmic, suggesting a dif-
ferent mechanism in AIEC and nonpathogenic E. coli
infection. Increased claudin-2 expression has been shown
in an in vitro transfection system to increase epithelial per-
meability, possibly by forming lower-affinity interactions
with other claudin isoforms on neighboring cells.42 In addi-
tion, it has recently been reported that EHEC infection of
C57Bl/6J mice significantly increased claudin-2 expression
and correlated with increased intestinal permeability.43 Of
note, claudin-2 mRNA expression was more than 8-fold
greater in SAMP than in WT ileum34,44 and we observed
that claudin-2 expression was much stronger in CD
patients. The claudin-2 increased expression following
AIEC infection in CEABAC10 mice may contribute to the
defective barrier phenotype and a claudin-2-siRNA strategy
could be used in vivo to target claudin-2 mRNA in intesti-
nal epithelial cells expressing CEACAM6.
Increased intestinal permeability is associated with an
increased relative risk of patients for relapses within 1
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year.14,45–50 Thus, understanding the mechanisms of barrier
dysfunction and defects in permeability following AIEC
infection has great potential for guiding the development of
novel drugs for the treatment of IBD. Here we show that
increased intestinal permeability induced by AIEC infection
appears in early stages of the disease and before onset of
strong gut inflammation. This is in good agreement with the
observation that claudin-2 is strongly increased in quiescent
phase in CD patients before any sign of inflammation.
In conclusion, findings from this study strongly dem-
onstrate that preventing type 1 pili mediated AIEC/CEA-
CAM6 interaction could prevent impairment of intestinal
barrier function in CD patients. As AIEC/CEACAM6 inter-
action induces pore-forming claudin-2 expression in CEA-
BAC10 mice, the development of new drugs targeting clau-
din-2 abnormal expression could be a new strategy to treat
patients with abnormal ileal expression of CEACAM6 by
preventing AIEC-induced disruption of mucosal integrity at
an early stage of the disease.
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Figure 49 : Représentation schématique du transgène exprimé par les souris CEABAC10. 
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Figure 50 : L’élimination de la flore intestinale ne module pas la perméabilité intestinale
contrairement à une colite induite chimiquement au DSS.	 A:	 9	 	 	 PU2Q	 	
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Figure 51 : La capacité à altérer la fonction de barrière épithéliale intestinale dépend de
l’expression des pili de type 1 et est commune aux AIEC.	A:	9	 	+$"+ 			
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Figure 52 : Des infections répétées par la souche AIEC LF82 altèrent la fonction barrière
intestinale uniquement dans un contexte d’expression anormale de CEACAM6.	 9	 	
	PU2Q		+$"+ 		S	 :	#$+	95		4		-		!	-B	
9	-				-	!	G	(	*I	4)	n/Bs	q);	ss	q) )	
sssq) 	
#4	
'
(!

 6	
	
	
	-Z-	 C	 	 	 	 	 C-	 44	 C	 	8(080ZB	
	 )	 	 	 +$"+	 	 +$"+)	 *	 	 	 	 	 	 (	
-)	 	 C-	 44	 C	 	 +$+.	 	 	 )	
	Z		P+*)	/QB	
	 	 	 	 	 )	 4	 	 	 	 	 /	 *	 (	 	
-	 
	 	 -E	 I	 -	 	 -	 	 I	 	 	 	 	
	 	 4	 )	 	 I	 4	 (	 	 	 #$+	 
	 	 -I	
B	 &	 	 -	 I	 	 -	 
	 	 -E	 	 	 	
	 	 -	 	 -	 	 	 
	 4	 P@&*+
 :QB	
&	 	 -	 	 4	 	 	 	 -	 	 
	 	
-EB	 	 	 	 	 4	 (	 	 	 	 I-	 *J	 	
	+$"+ )	 (	 	 !(-	 4	-	 I	 	 	 	 	 *	
#$+		-	 	 -	 	 	 	 4	(	 	I-	
I	 C		+$+.		-	P@&*+
:QB	9	 			 	
	 	 	 	 	 	 	 	 -	 	 -	 	 
	 	
-EB	
	 +	 -	 	 	 	 4--)	 	 	 	 	 	
				*I	*J			+$"+ 			4B	
+	 CI	 	 	 	 -	 	 	 	 	 	 	 I	 	 -	
	*		4S				-		-	P!	G	,4QB	
9				I		-	4	*		-			44			
			4				-				4		4--B	
	 	 --	 -	 	 	 	 -	 I	 	 *	 #$+)	 	
	 	 -E	 	 	 )	 	 	 	 	 	 	 	 4	
	 4--	 *J	 	 	 +$"+ 	 I-	 
	 	 	 .(-	 G	 (	
4	P+*)	:QB	9			C,#2+	-				
	-C	!	G		
	4			#$+		-	
	C	-			
-C	 E	 S	 	 -	 	 	  W	 	 .	 G	 	 	 	 (	 4	
4--	 IB	 &	 	 	 I	 	 --	 -	 	 G	 	
-		-)		
	4				#$+)	4			
C		I4--B			
	 	
	
	
1=&	
Non-infectées LF82 K-12 MG1655
Figure 53 : La souche AIEC LF82 entraîne une délocalisation de la protéine de jonction 
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Figure 54 : La souche AIEC LF82 transloque au travers de la muqueuse iléale et des
plaques de Peyer de façon dépendante de l’expression de CEACAM6. A.		-I	
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Figure 55 : Modèle de l’altération de la fonction de barrière épithéliale intestinale par les
bactéries AIEC chez les patients atteints de maladie de Crohn. 9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Figure 4. Influence of western diet on immune function in CEABAC10 mice. A:	 #	-	 	
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Figure 5. Influence of western diet on intestinal inflammation in AIEC-CEABAC10 infected mice. 
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Figure 56 : Modèle montrant l’impact d’un régime alimentaire de type occidental sur la
composition de la flore intestinale et l’induction d’inflammation. 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Figure 57 : Expression anormale du récepteur CEACAM6 chez les patients atteints de maladie 
de Crohn. A.	 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Figure 2 : HIF-1 responsive element methylation decreases 	

 expression in IECs. 
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Figure 3 : A-6Iactivates 	
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 expression in intestinal epithelial cells 
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Figure 4 : HIF-1 needs a methylation-free binding site to activate 	
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Figure 5 : 	

 mRNA expression correlates with >6I mRNA level only in the
gastrointestinal tract. 
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Figure 6 : Unmethylation of 	

 promoter increases CEACAM6 and Hif-1 expression
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Figure 7 : Methyl-deficient diet favors AIEC gut colonization-mediated inflammation	
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Figure 58 : La souche AIEC LF82 induit l’expression de CEACAM6 dans les cellules Caco-2. 
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Figure 59 : La souche AIEC LF82 stabilise le facteur de
transcription HIF-1 qui se fixe sur le promoteur du gène
	

 dans les cellules Caco-2. A	9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Figure 60 : La souche AIEC LF82 induit l’expression de CEACAM6 dans les cellules
épithéliales intestinales iléales chez les souris CEABAC10. 
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Figure 61 : Modèle de la régulation de l’expression de 	
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 dans la maladie de Crohn. 
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Figure 62 : Modèle de physiopathologie de la maladie de Crohn en réponse aux AIEC. 	 9	
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Biological actuality
E. coli-mediated gut inflammation in genetically predisposed Crohn’s disease
patients
Inflammation intestinale induite par des souches de E. coli chez des patients génétiquement
prédisposés à développer une maladie de Crohn
N. Barnich a,*,b,1, J. Denizot a,b,1, A. Darfeuille-Michaud a,b
aUnité sous contrat, laboratoire de bactériologie, service de pathogénie bactérienne intestinale, institut national de la recherche agronomique 2018, CBRV,
Clermont université, université d’Auvergne, JE2526, 28, place Henri-Dunant, 63000 Clermont-Ferrand, France
b Institut universitaire de technologie, université d’Auvergne, 63172 Aubière, France
1. Introduction
The pathogenic mechanisms of inflammatory bowel disease
(IBD) have been studied intensely. It is increasingly clear that
microbiota plays a major role in the pathogenesis of IBD. The
abnormal inflammatory response observed in IBD requires inter-
play between host genetic factors and the intestinalmicrobiota [1–
3]. The role of the microbiota in CD development is highlighted
with the observations that:
 in CD patients after surgery, exposure of the terminal ileum to
luminal contents is associated with increased inflammation,
and diversion of the fecal stream is associated with improve-
ment [4];
 some CD patients improve upon antibiotic treatment [5,6];
 the severity of colitis in multiple animal models is decreased by
the administration of antibiotics;
 no sign of colitis is observedwhen those animals are in germ-free
conditions (for a review [7]).
At least three not necessarilymutually exclusive theories can be
proposed concerning the implication of bacteria in the etiopatho-
genesis of CD:
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A B S T R A C T
Many advances have been made in the understanding of Crohn’s disease (CD) pathogenesis over the last
decade. In CD patients abnormal ileal bacterial colonization could be linked to inappropriate innate
immune responses to invasive bacteria. Adherent and invasive Escherichia coli strains have been isolated
from CD patients and are able to adhere to and to invade intestinal epithelial cells and to induce colitis in
transgenic mice expressing the human CEACAM6 molecule. In this review, we report recent advances
concerning the involvement of adherent-invasive E. coli in the aetiology of CD and analyze how they can
initiate inflammation of the gut mucosa in individuals with genetic predisposition.
 2010 Elsevier Masson SAS. All rights reserved.
R É S U M É
Au cours de la dernière décennie, de nombreuses avancées ont permis de mieux comprendre la
pathogenèse de la maladie de Crohn (MC). Chez les patients atteints de MC, la colonisation bactérienne
anormale de la muqueuse iléale pourrait être la cause d’une réponse immunitaire innée inappropriée à
des bactéries invasives. Des souches de Escherichia coli adhérentes et invasives ont été isolées chez des
patients atteints de MC. Ces souches sont capables d’adhérer et d’envahir des cellules épithéliales
intestinales et d’induire une colite chez des souris transgéniques exprimant le récepteur
CEACAM6 humain. Dans cette revue, nous rapportons les avancées récentes relatives à l’implication
des souches de E. coli adhérentes et invasives dans l’étiologie de laMC et analysons comment ces souches
peuvent être à l’origine de l’inflammation de la muqueuse intestinale chez des individus génétiquement
prédisposés.
 2009 Elsevier Masson SAS. Tous droits réservés.
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 a persistent pathogen;
 an abnormally permeable mucosal barrier leading to excessive
bacterial translocation;
 a breakdown in the balance between putative ‘‘protective’’
versus ‘‘harmful’’ intestinal bacteria (‘‘dysbiosis’’) that can
promote inflammation.
Arguments in favour of the latter hypothesis are:
 the low proportion of Faecalibacterium prausnitzii, i.e., bacteria
with anti-inflammatory properties, on ileal Crohn mucosa [8,9];
 the abnormal colonisation of the ileal mucosa by adherent-
invasive Escherichia coli, bacteria able to initiate and perpetuate
inflammation of the gut mucosa in CD susceptible patients.
2. Adherent-invasive E. coli in IBD patients
Increased numbers of mucosa-associated E. coli forming a
biofilm on the surface of the gut mucosa are observed in patients
with IBD [10–16]. In CD patients, E. coli abnormally colonize acute
and chronic ileal lesions representing up to 100% of total aero-
anaerobic flora [11]. Bacteria colonizing the gut mucosa have the
ability to strongly adhere to intestinal epithelial cells (IEC) [11,13].
They are also able to invade IEC by a mechanism involving
microtubules polymerisation and actin recruitment [17,18]. They
survive and replicate inside macrophages inducing the release of
large amounts of TNF-a and they are able to induce granuloma
formation in vitro [19–21]. Based on pathogenic characteristics of
CD-associated E. coli, an additional pathogenic group of E. coli was
defined and called adherent-invasive E. coli (AIEC). Nowadays, AIEC
are achieving increasing relevance since they have been reported
to be more prevalent in CD patients than in controls in several
countries: France [22], the United Kingdom [13], Spain [23] and the
USA [24–26]. The greater richness of AIEC in CD patients suggests
that this pathovar might be more permanent in CD intestinal
mucosa owing to better host-environmental conditions. Although
a single E. coli isolate was not found in Crohn’s ileal mucosa, some
genotypes were more likely than others to be associated with
chronic or early recurrent ileal lesions. Pathogenic B2 + D E. coli
strains are significantly more abundant in IBD patients than in
controls [12] and B2 strains with virulence genes of extra-
intestinal pathogenic E. coli are more frequently isolated among
IBD patientswith active disease compared to patientswith inactive
disease [27], suggesting that AIEC could be a novel group of extra-
intestinal pathoghenic E. coli associated with IBDs. However, the
presence of AIEC in healthy subjects suggests that AIEC are
facultative pathogens that cause disease in susceptible hosts.
3. Carcinoembryonic antigen-related cell-adhesion molecule 6
(CEACAM6)-dependent colonization of the ileal mucosa by AIEC
Bacterial adhesion to IEC is the first step in the pathogenicity of
many bacteria involved in infectious diseases of the gut. Adhesion
enables bacteria to colonize the gut, thus limiting clearance from
the intestine. AIEC strains were found to be highly associated with
ileal mucosa in CD patients [22]. CD-associated AIEC adhere to the
brush border of primary ileal enterocytes isolated fromCD patients
but not controlswithout IBD [28], suggesting that there are specific
alterations of the ileal epithelial cells in patientswith CD that allow
AIEC to adhere to a greater extent. AIEC adhesion is dependent on
type 1 pili expression on the bacterial surface, organelles that are
critical for mediating the colonization of epithelial surfaces.
Among the various candidate proteins known to enable bacterial
adhesion, both CEACAM6 and CEACAM5 are overexpressed in the
ileal epithelial cells of patients with CD, as compared with those of
controls. Interestingly, CD-associated AIEC colonize and induce
strong gut inflammation in transgenic mice expressing human
CEACAM [29] and CEACAM6 acts as a receptor for AIEC adhesion
and colonization and plays a key role in the development of gut
inflammation. Indeed pretreatment of primary ileal enterocytes
isolated from CD-patients with an anti-CEACAM6 monoclonal
antibody strongly decreased AIEC adhesion and intraperitoneal
administration of anti-CEACAM6 monoclonal antibody prevented
colonization and clinical symptoms of colitis in AIEC-infected
CEABAC10 transgenic mice [28,29]. The presence of adherent
invasive E. coli induces an increase in CEACAM6 expression by
cultured IEC, as does interferon-g (IFN-g) or tumor necrosis factor
a (TNF-a), two proinflammatory mediators of which increased
levels are typically found in the intestine of patients with CD. Thus,
AIEC may induce intestinal epithelial cells to up-regulate
CEACAM6 directly by adhering to host cells and indirectly via
increased secretion of TNF-a from AIEC-infected macrophages
[19,30], thereby enabling their own adhesion to those cells.
Patients expressing a basal level of CEACAM6 in ileum would be
predisposed to develop ileal CD and the presence of AIEC bacteria
would lead to a secretion of IFN-g or TNF-a amplifying a loop of
colonization and inflammation. Blocking the interaction between
type 1 pili expressed by AIEC and CEACAM6 on the surface of
intestinal epithelial cell might serve as a specific means of
disrupting the inflammatory amplification loop.
4. Genetic predisposition in CD leading to the loss of
intracellular bacterial clearance
CD is not a « hereditary » disease but many genetic
predisposition factors have been recently discovered. Genome-
wide association studies (GWAS) have identified more than 30
independent loci conclusively associated with CD [31–35]. In the
innate immunity, the association of CDwith polymorphisms in the
two autophagy-related genes, ATG16L1 and IRGM, and in NOD2
(CARD15), implicates defects in the recognition and handling of
intracellular bacteria in the immunopathogenesis of IBD.
Autophagy is a process by which eukaryotic cells maintain
homeostasis by sequestering cytoplasm and degrading damaged
organelles via the lysosomal pathway [36]. In addition, autophagy
protects the cell by eliminating or limiting the growth of
intracellular bacteria [37,38]. Thus, a dysfunction in autophagy
leads to persistent infection, as seen in Salmonella Typhimurium,
Streptococcus pyogenes, andMycobacterium tuberculosis [37,39–41].
A highly significant and replicated association between CD and
variants in two separate autophagy genes (autophagy-related like
1 [ATG16L1] and IRGM) has been shown. Thr300Ala substitution
within the ATG16L1 gene ismostly associatedwith ileal CD [33,35].
A second autophagic gene has been identified in CD susceptibility:
the immunity-related GTPase family M (IRGM) [34,42]. Functional
autophagy limits intracellular AIEC replication since in IRGM and
ATG16L1 deficient cells enhanced numbers of intracellular AIEC
LF82 bacteria were observed. Autophagy deficiency did not
interfere with the ability of intracellular bacteria to survive and/
or replicate for any other E. coli strains, such as non pathogenic,
environmental, commensal, or pathogenic strains involved in
gastroenteritis. Thus, AIEC infection in patients with polymorph-
isms in autophagy genes may have a significant impact on the
outcome of intestinal inflammation [43].
NOD2 polymorphisms were the first definitive risk factors
identified for CD [44,45]. NOD2 is a pattern recognition receptor
that functions as an intracellular sensor for bacterial peptidoglycan
and that can be activated by a minimal bioactive component of
peptidoglycan, muramyl dipeptide (MDP) leading to the activation
of nuclear factor-kB (NF-kB) [46]. NOD2-mediated sensing of
bacterial products facilitates control of bacterial infection. In vitro,
NOD2 has been found to be involved in the bacterial clearance of
N. Barnich et al. / Pathologie Biologie xxx (2010) xxx–xxx2
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Salmonella and Streptococcus species [47,48], and NOD2/ knock-
out mice display increased susceptibility to per-os Listeria
monocytogenes infection, a finding paralleled by a decreased
Paneth cell secretion of some antibacterial cryptidins [49]. By
contrast, NOD2 does not appear to play a role in the clearance of
Yersinia pseudotuberculosis in a murine model [50]. Patients with
NOD2mutations have decreased levels of mRNA for HD-5 and HD-
6 alpha-defensins in involved ileal mucosa compared with
uninvolved ileal mucosa [51,52]. However, reduction in HD-5
and HD-6 could not be associated with NOD2 status but could be
the consequence of inflammation [53]. Together, all the studies
underscore the importance of NOD2 and suggest that the CD-
specific mutated NOD2-L1007fs can participate to a functionally
impaired epithelial barrier. A link between NOD and autophagy
protein ATG16L1 has been recently reported since the two proteins
form a complex at the cytoplammembrane [54]. It highlighted the
hypothesis of autophagy deficiency in IBD patients sincemutations
in NOD or the autophagy related protein ATG16L1 resulted in
diminished and ineffective autophagic response to intracellular
pathogens.
5. Impaired barrier function in CD patients
Intestinal permeability is significantly increased in 36% of CD
patients [55] and bacterial translocation of E. coli, Enterococcus
spp., Clostridiumperfringens has been observed inmesenteric nodes
in 30% to 50% of CD patients versus 5% to 15% in healthy controls
[56,57]. Two different not necessarily mutually exclusive argu-
ments can be proposed to explain increased intestinal permeability
and bacterial translocation observed in CD:
 bacterial uptake via Peyer’s Patches;
 bacterial translocation due to abnormal tight junctions.
Increased intestinal permeability has been shown in CD patients
carrying a NOD2 polymorphisms [58].
Consistently, an abnormal development of Peyer’s Patches an
increased permeability and bacterial translocation were observed
in NOD2 deficient mouse model [59]. The observations reporting:
 increased E. coli translocation observed in follicle-associated
epithelium or in Peyer’s Patches isolated from CD patients
compared with non-IBD patients [60,61];
 increased number of Peyer Patches in CD present novel insights
into pathophysiology of CD by a previously unrecognized defect
of intestinal barrier function to bacteria in ileal CD.
The epithelium in inflamed intestinal segments of CD patients is
also characterized by a reduction of tight junction strands, strand
breaks, and alterations of tight junction protein content and
composition. Defects in the structure and function of apical
junctional complexes (AJCs) are implicated in both animal models
of IBD and in IBD patients [62,63]. For example, dysregulated
epithelial barrier function, in particular tight junctions, precedes
histologic evidence of ileitis in SAMP mice [64]. Moreover, barrier
dysfunction precedes relapse of CD in asymptomatic patients and
recent studies demonstrate specific distribution pattern of the
tight junction proteins claudin 2, 3, 4, 5 and 8 in IBD patients [65–
67]. A recent genome-wide scan has shown that at the IBD1 locus,
in addition to NOD2, homozygous carriage of the CDH1 (E-
cadherin) rs10431923 T allele was found to be associated with CD
[68]. E-cadherin (CDH1) plays a vital role in maintaining the
integrity of the intestinal barrier and its cellular localisation is
disrupted in CD patients. Two independent studies have reported
that E. coli isolated from patients with IBD decrease transepithelial
resistance and induce disorganization of F-actin, and displacement
of ZO-1, and E-cadherin [26,69]. Therefore, subtle defects in E-
cadherin function or expression may contribute to increased
pathogenicity of AIEC found in CD patients. The mis-localisation of
E-cadherin may explain the increased permeability seen in some
CD patients and the polymorphisms identified in CDH1 are
important to understand the pathogenesis of CD and point to a
defect in barrier defence.
6. Conclusion
A lot of advances have been made in the understanding of CD
pathogenesis over the last decade. CD is thought to result from
inappropriate and continuous activation of the intestinal mucosal
immune system due to a complex interaction of genetic,
environmental, microbial and host immune factors. In CD patients
with increased ileal expression of the CEACAM6 molecule, which
acts as a receptor recognized by type 1 pilus bacterial adhesin, and
with the identification of mutations in innate immune genes, the
presence of pathogenic invasive bacteria could lead to abnormal
ileal bacterial colonization and inappropriate innate immune
responses to invasive bacteria. In addition, all the virulence
properties of CD-associated E. coli design AIEC as a potential
pathogen in CD, with its ability to induce persistent intestinal
inflammation in patients with abnormal ileal expression of
CEACAM6, and to cross and to breach the intestinal barrier to
invade the deeper tissues and continuously activate macrophages.
Further investigation is needed to define the precisemechanismby
which potential microbial triggers the breach of the intestinal
epithelium in CD, which will lead to a more complete under-
standing of disease pathogenesis and aid in the development of
novel treatmentmodalities targeted at improving overall epithelial
barrier function in patients with IBD.
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Introduction
Inflammatory bowel disease (IBD) arises from complex 
interactions of genetic, environmental, and microbial factors [1]. The 
two major subtypes of IBD, ulcerative colitis (UC) and Crohn’s disease 
(CD), exhibit distinct and overlapping clinical and pathologic features. 
Recent progress in IBD host genetics has provided a critical framework 
to evaluate microbial contributions to pathogenesis [1-3]. Mucosal 
inflammation has a profound effect on the host’s mucosa, on nutrient 
availability in the gut and on microbiota composition. Chronic gut 
inflammation could be due to the effects of commensal microbiota and/
or to acute inflammation caused by enteric pathogens. However, some 
functional principles might be common to both types of disease. One 
important challenge will be to understand the role of commensal and/
or pathogenic bacteria when specific host genotypes are concerned.
Microbial/Host Interactions in Physiologic Conditions
The intestine is an open ecological system that is colonized 
immediately after birth by a microbial population that reaches 1012 
bacteria per gram of luminal content in the distal gut [4]. Apart from 
contributing substantial beneficial functions to the host, the microbial 
population has enormous potential for physiological and pathological 
interactions with the host. For example, the microbiota drives the 
development of the mucosal and systemic immune system and controls 
the regeneration of the intestinal epithelium [5,6]. The detection 
of pathogens by the host is achieved through the families of Pattern 
Recognition Receptors (PRR) that recognize conserved molecular 
structures known as pathogen-associated molecular patterns (PAMP) 
and induce the production of innate effector molecules. Because these 
structures are also found on non-pathogenic micro-organisms, the 
term microbe-associated molecular pattern (MAMP) is increasingly 
used, particularly when speaking of host-commensal interactions. 
These signaling receptors are divided into three families: toll-like 
receptors (TLR), retinoic acid inducible gene I (RIG-I)-like receptors 
(RLR), and nucleotide oligomerization domain (NOD)-like receptors 
(NLR) [7]. Homeostatic mechanisms depend on down-regulating 
bacterial receptors, which induce intracellular and secreted molecules 
that activate innate and adaptive immune responses, and stimulate 
protective molecules that mediate mucosal barrier function. In 
addition, bacterial exposure activates protective pathways that prevent 
subsequent injurious responses to the same stimuli. TLR ligation down-
regulates NF-κB activation upon re-exposure to the same or different 
TLR ligands through the induction of multiple inhibitors, including 
IRAK-M, toll-interacting protein (TOLLIP), single immunoglobulin 
IL-1 receptor (SIGIRR), A20, NOD2, and peroxisomal proliferator-
activated receptor-γ (PPAR-γ) [8]. The immune system continuously 
adapts to the microbiota in a cyclic, dynamic cross-talk in which 
intestinal epithelial cells play an important role in instructing non-
inflammatory responses for a steady-state control of bacterial growth, 
or in triggering inflammatory mechanisms that can clear the gut of 
harmful invaders [9]. The system is complex and robust in the sense 
that many players with partially overlapping roles act to keep the 
integrity of the intestinal mucosal barrier. Failure of these mechanisms 
involves genetic and environmental factors that trigger inflammatory 
bowel disease.
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Micro-organisms Involved in Intestinal Inflammation: 
Lessons from Animal Models
Mouse models of intestinal inflammation, including genetically 
engineered mice, congenic mouse strains, chemically induced models, 
and a cell-transfer model, have played a key role in understanding the 
mechanisms that govern the inflammatory response in the intestine, 
and in designing new therapeutic strategies in the treatment of patients 
with IBD [10]. In the event of infection, the epithelium switches from 
inertia to pronounced pro-inflammatory response, initiating and 
orchestrating immune defense against incoming pathogens [9,11]. 
Common models of infectious murine colitis are infection with 
the murine epithelial-adherent pathogen, Citrobacter rodentium, 
and infection of streptomycin-pretreated mice with Salmonella 
typhimurium. Studies in these models have helped to define the 
interactions between bacterial pathogens and host immune defenses, 
thus broadening the understanding of host-microbial interactions in the 
intestinal tract. Studies on acute Salmonella and Citrobacter infection 
models have revealed that enteropathogenic bacteria can subvert the 
inflammation [12]. For example, Salmonella may use different strategies 
to exploit intestinal inflammation and out-compete the microbiota: (i) 
Salmonella uses mucin-derived carbohydrates, which are released in the 
gut in the course of inflammation, (ii) Salmonella can use tetrathionate 
as an electron acceptor which is more abundant in the inflamed gut, 
(iii) Salmonella is resistant to a variety of host-derived defensins and 
antimicrobial peptides and avoids inhibition of the host-derived 
antimicrobial peptide lipocalin-2 that sequesters the siderophore 
enterochelin by the production of salmochelin [13]. This competitive 
edge against the commensals explains why Salmonella spp. and other 
gut pathogens benefit from mucosal inflammation and subvert an 
immune response designed to fight infections.
Specific members of the commensal microbiota known as segmented 
filamentous bacteria (SFB), with the candidate name Arthromitus, 
are potent inducers of CD4+ T helper cells that produce IL-17 and 
IL-22 (Th17 cells) in the small intestine lamina propria of mice. SFB 
are spore-forming Gram-positive bacteria most closely related to the 
genus Clostridium and have been reported to colonize the intestine of 
numerous species, including humans [14,15]. Colonization of the small 
intestine of mice with SFB is sufficient to induce the appearance of Th17 
cells in the lamina propria. SFB adhere tightly to the surface of epithelial 
cells in the terminal ileum of mice with Th17 cells but are absent from 
mice that have few Th17 cells [16]. Colonization with SFB is correlated 
with the increased expression of genes associated with inflammation 
and antimicrobial defenses and resulted in enhanced resistance to the 
intestinal pathogen Citrobacter rodentium. Thus, manipulation of this 
commensal-regulated pathway may provide new opportunities for 
enhancing mucosal immunity and treating diseases [17].
Colonization of lower bowel and biliary tract in mice with 
Helicobacter hepaticus causes a chronic inflammatory response similar 
to human IBD. In contrast to infections with Citrobacter rodentium 
or Salmonella enterica serotype Typhimurium, which induce acute 
and self-limiting infections, H. hepaticus only causes disease in 
immunocompromised Rag2-deficient mice that lack immune regulation 
and mount inflammatory responses toward intestinal bacteria [18]. The 
analysis of H. hepaticus genome led to the identification of bacterial 
type VI secretion systems (T6SS) that have a role in chronic intestinal 
inflammation. During prolonged intestinal colonization of animals, H. 
hepaticus intimately contacts the epithelium and uses its T6SS to create 
a tolerogenic immune environment. Indeed, T6SS of H. hepaticus 
limits colonization of animals and actively suppresses innate and 
adaptive immune responses. In addition, infection with T6SS deficient 
H. hepaticus mutant induces higher expression of pro-inflammatory 
mediators by IECs and CD4+ T cells in the colon, including IL-17, IL-
23, IL-1β, TNFα, and IFNγ than infection with WT H. hepaticus [19]. 
Although T6SS have been largely studied in the context of bacterial 
virulence, growing evidence supports the notion that T6SS may have 
also evolved for non-pathogenic purposes in symbiotic bacteria and 
that bacterial T6SS are one mechanism for forging host-microbial 
interactions.
Rodent models of spontaneous or induced intestinal inflammation 
provide compelling evidence that enteric bacterial antigens continuously 
drive chronic, immune-mediated colitis and ileitis [20]. Genetically 
engineered mice and rats with systemic immunoregulatory defects may 
display inflammation usually limited to the colon, with occasional ileal, 
duodenal, and gastric antral involvement. The predominant colonic 
phenotype suggests involvement of the complex anaerobic commensal 
enteric microbiota. In addition, the observation that most germ-free 
susceptible rodents, such as interleukin-10-deficient mice, HLA-B27/
human β2 microglobulin transgenic rats or Tg(ε26) mice, have no 
intestinal inflammation or immune activation but rapidly develop 
disease and pathogenic immune responses after colonization with 
specific pathogen-free enteric bacteria provides convincing evidence 
that bacteria are key players in inflammatory process [21-24]. Thus, 
the intestinal microbiota profoundly affects host immune composition 
under physiological conditions [25].
Involvement of Micro-organisms in IBD Etiology
IBD, such as CD and UC, preferentially occur in the colon 
and distal ileum, which contain the highest intestinal bacterial 
concentrations [26,27]. An important role for microbial agents in 
the pathogenesis of CD is suggested by clinical, experimental, and 
therapeutic studies, but less convincing evidence is available for UC. 
For example, histomorphological features of CD, such as aphthous 
ulcers of the mucosa, mural abscesses, suppurative fistulas, macrophage 
and epithelioid cell granulomas, have been suggested to be of microbial 
origin. The evidence that enteric bacterial antigens continuously 
drive chronic, immune-mediated colitis and ileitis is provided by 
rodent models of spontaneous or induced intestinal inflammation [1]. 
Moreover, the composition and function of the microbiota in CD and 
UC are abnormal. A general dysbiosis of the intestinal microbiota has 
been well established in IBD patients with both culture-dependent 
and cuture-independent techniques, but a systematic characterization 
of this dysbiosis is lacking [27,28]. Patients with IBD, compared 
with healthy controls, have fewer bacteria with anti-inflammatory 
properties and/or more bacteria with pro-inflammatory properties. 
Several metagenomic-based studies reported that members of the phyla 
Bacteroidetes and Firmicutes were reduced in patients with CD or UC 
[27,29-31]. A recent study have provided a faecal microbiota dysbiosis 
signature associated with CD, characterised by a decreased presence 
of F prausnitzii, B adolescentis, D invisus and an unknown species of 
Clostridium cluster XIVa, and an increased presence of R gnavus [32]. 
In general, the composition of the predominant faecal microbiota of 
patients with IBD was studied in comparison with the predominant 
composition in unaffected controls, but the characterization of 
microbiota composition associated with intestinal mucosa is often 
missing.
To support the infectious disease hypothesis, Koch’s postulates 
need to be fulfilled. They are defined as (i) the presence of the micro-
organism in all diseased individuals; (ii) its isolation and culturing; 
(iii) the occurrence of infection upon inoculation; and (iv) the re-
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isolation from the experimental infection, and hence, on this basis, 
Koch’s postulates fail in IBD. Neverthless, since IBD are multifactorial 
diseases, a modified Koch’s postulate taking into account the host 
genetic susceptibility should be considered. IBD could result from 
a dysfunctional innate immune response to persistent intracellular 
bacteria, possibly opportunistic pathogens, in patients having defects 
in innate immune response, mucosal barrier or bacterial killing of 
intracellular bacteria. There are at least three possible mechanisms 
that can drive pathogenic immunologic responses in CD to luminal 
microbes: (1) changes in microbial composition leading to dysbiosis, 
(2) functional alteration of commensal bacteria as described for 
Adherent and Invasive Escherichia coli (AIEC), toxigenic Bacteroides 
fragilis, Campylobacter and Helicobacter species or (3) involvement 
of traditional microbial pathogens such as Mycobacterium avium 
subspecies paratuberculosis.
Consequences of Dysbiosis in IBD Patients
Dysbiosis, an altered composition of the commensal bacterial 
populations, is a major factor in disease pathogenesis that occurs with 
genetic susceptibility and leads to the dysregulation of the immune 
response to bacterial antigens observed in IBD [33,34]. Dysbiosis 
can result from an overgrowth of bacteria having pro-inflammatory 
properties or a loss of beneficial commensal bacteria, leading to 
elevated host intestinal inflammation. The most reliable features of 
dysbiosis involve an overall decrease in biodiversity, a low stability, a 
decrease in bacteria from the Firmicutes phylum (notably from the C. 
leptum and C. coccoides groups), an increased number of Proteobacteria 
and the presence of unusual bacteria [27,31,35]. Some characteristics 
of dysbiosis seem to be specific for each IBD type, whereas others are 
shared by all forms of IBD and probably also by other gastrointestinal 
inflammatory conditions such as acute self-limited colitis. 
Comparison of the intestinal microbiota of CD patients to 
that of healthy controls has revealed compositional changes. In 
most studies these changes are characterized by an increase in the 
abundance of Bacteroidetes and Proteobacteria and a decrease in 
that of Firmicutes. Reduced numbers of Bacteroides fragilis might 
contribute to inflammation because this prominent human symbiont 
has protective effects in mice following experimental induction of 
colitis by Helicobacter hepaticus, a murine commensal bacterium with 
pathogenic properties [36,37]. This beneficial activity requires a single 
microbial molecule (polysaccharide A, PSA) and in animals harbouring 
B. fragilis not expressing PSA, H. hepaticus colonization leads to disease 
and pro-inflammatory cytokine production in colonic tissues. Thus, 
molecules of the intestinal microbiota can mediate the critical balance 
between health and disease.
A lower proportion of Faecalibacterium prausnitzii on resected 
ileal Crohn’s mucosa was associated with endoscopic post-operative 
recurrence. F. prausnitzii induced a tolerogenic cytokine profile on 
peripheral blood mononuclear cells with very low levels of IL-12 
and high levels of IL-10 [30]. On Caco-2 intestinal epithelial cells, F. 
prausnitzii supernatant abolished IL-1β-induced IL-8 production 
and NF-κB activation and its supernatant improved colitis score and 
survival rate in mice with DSS-induced colitis. In contrast, several 
studies document selective expansion of Enterobacteriaceae [12], with 
in particular increased proportion of E. coli of the fecal and mucosally 
associated microbiota in CD patients, which invade the mucosa and 
are present within granulomas and adjacent to fistulae and ulcers [4]. 
The reduced abundance of F. prausnitzii and increased abundance of 
E. coli are indicative of an ileal CD phenotype, distinct from colonic 
CD. Based on these observations, the relative abundances of these 
specific bacterial populations are promising biomarker candidates for 
differential diagnosis of CD and eventually customized treatment.
The presence of bacteria that penetrate the mucus layers was 
observed in 30% of mucosal biopsy specimens from patients with 
IBD, compared with 3% of mucosal biopsies from healthy controls, 
which indicates that the microbiota could have closer contact with 
the mucosa of IBD patients [38]. This might result from the increased 
numbers of some mucolytic bacteria, such as Ruminococcus gnavus and 
Ruminococcus torques, observed in macroscopically and histologically 
normal colonic epithelium from patients with colonic CD and UC 
[39,40].
The composition of colonic microbiota influence transcriptional 
profile of the mucosa. Bacterial products, such as butyrate production, 
might affect mucosal gene expression. Patients with UC had different 
gene expression profiles and lower levels of biodiversity than their 
healthy twins, as well as unusual aerobic bacteria. Patients with UC 
had lower percentages of potentially protective bacterial species than 
their healthy twins [41]. Loss of natural intestinal diversity and a shift 
of bacterial composition toward a more deleterious profile might reflect 
the net effect of environmental factors over the past decades leading 
to the dramatic increase in the incidence of IBD in the industrialized 
world [42].
Functional Alteration of Commensal Bacteria
A particular subset of bacteria further highlights how the behaviour 
of the microbiota is dependent on the immune status of the host. 
Although these bacteria, which are known as pathobionts, colonize 
the gastrointestinal tract of many individuals asymptomatically, they 
also have the potential to cause disease [16]. Pathobionts are microbial 
symbionts that can cause disease in predisposed hosts following changes 
in the gastrointestinal environment, such as Crohn’s disease associated 
E. coli, enterotoxigenic Bacteroides fragilis or Helicobacter hepaticus.
Adherent-invasive E. coli (AIEC) 
In CD patients, E. coli abnormally colonizes acute and chronic ileal 
lesions and accounts for up to 100% of total aero-anaerobic flora [43]. 
Bacteria colonizing the gut mucosa have the ability to strongly adhere 
to intestinal epithelial cells (IEC) [43-45]. There is increasing interest in 
AIEC since they have been reported to be more prevalent in CD patients 
than in controls in several countries: France [44], United Kingdom 
[45], Spain [46] and USA [47-49]. The greater richness of AIEC in 
CD patients suggests that this pathovar might be more permanent in 
CD intestinal mucosa owing to better host-environmental conditions. 
Although no single E coli isolate was found in Crohn’s ileal mucosa, 
some genotypes of E. coli were more likely than others to be associated 
with chronic or early recurrent ileal lesions. However, the presence of 
AIEC in healthy subjects suggests that AIEC are facultative pathogens 
that cause disease in susceptible hosts. AIEC phenotype is very frequent 
among animal intestinal pathogenic E. coli (InPEC) strains, particularly 
of feline and canine origin. These data strengthen the particular identity 
and disease specificity of the AIEC pathotype and the putative role that 
animals might play in the transmission of AIEC-like strains to humans 
[50]. Of interest, diseases with granulomatous response to E. coli have 
been reported in animals, and AIEC were isolated from Boxer dogs 
with granulomatous colitis [51].
Adherent invasive Escherichia coli appear specific to ileal CD 
and have been shown to induce the release of IL-8 by infected IEC. 
Differential secretion of IL-8 and CCL20 by IEC was dependent on the 
CD-associated E. coli strain and the contribution of the E. coli O83:H1 
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flagella are crucial in inducing inflammatory response in IEC [48,52]. 
CD-associated AIEC bacteria, by expressing long polar fimbriae (LPF), 
can use Peyer’s Patches (PP) as an open gate to induce early stages of 
the disease [53], which support clinical observations suggesting that 
the sites of initial inflammation in ileal CD are the lymphoid follicles 
[54]. Using AIEC strain LF82, several studies have demonstrated the 
ability of these intestinal microbes to disrupt the integrity of epithelial 
cells in an in vitro cell model and an in vivo model. IBD-associated E. 
coli strains significantly decreased trans-epithelial resistance, induced 
disorganization of F-actin and displacement of ZO-1, and E-cadherin 
from the apical junctional complex (AJC) [49,55]. In addition, infection 
of mice with AIEC bacteria led to a significant increase in intestinal 
permeability and to disruption of mucosal integrity in a type 1 pili-
dependent mechanism. This is consistent with the abnormal expression 
of the tight junction-associated pore-forming claudin-2 protein at 
the plasma membrane of IEC observed in AIEC-infected mice [56]. 
This disruption allows the bacteria to penetrate into and beyond the 
epithelial monolayer triggering a chronic immune response. These 
findings provide a link between microbes related to IBD, disruption of 
the intestinal epithelial cell barrier, and disease pathogenesis [3,57].
AIEC LF82 induces aggregation of infected macrophages, some 
of which fuse to form multinucleated giant cells and subsequent 
recruitment of lymphocytes [58]. Although the cell aggregates do not 
completely mimic natural CD-associated granulomas, they are very 
similar to early stages of epithelioid granulomas. AIEC bacteria are also 
able to survive and to replicate extensively within macrophages [59]. 
The bacteria replicate in large vacuoles that have phagolysosome-like 
properties within macrophages, where they are exposed to low pH 
[60]. AIEC-infected macrophages release large amounts of tumour 
necrosis factor-alpha (TNF-α), a key cytokine in IBD inflammation. 
Although most bacteria are successfully internalized and eliminated 
by macrophages, this pathobiont bacterium has developed survival 
strategies that interfere with the internalization and/or phagosomal 
maturation processes, specifically by interfering with the autophagy 
machinery [61]. In addition, AIEC bacteria, via expression of flagella, 
potentiate an inflammatory mucosal immune response involving 
increased expression of TLR5 and IPAF flagellin receptors in DSS-
treated mice [62].
Enterotoxigenic Bacteroides fragilis
The Bacteroides fragilis species includes both key commensals and 
important opportunistic human pathogens [63]. A subgroup of B. 
fragilis, termed enterotoxigenic B. fragilis (ETBF), can be distinguished 
from non-toxigenic B. fragilis (NTBF) strains because it expresses a 20 
kDa zinc-dependent metalloprotease known as B. fragilis toxin (BFT). 
ETBF, which can persistently colonize the human intestine, has been 
associated with active IBD and colorectal cancer in humans [64,65]. In 
some hosts, ETBF acts via secretion of BFT to induce colitis. However, 
the full spectrum of clinical disease related to ETBF and the impact of 
chronic ETBF colonization on the host remain to be defined.
Traditional Pathogens 
Yersinia
Several studies have demonstrated that Yersinia enterocolitica is 
associated with CD and might function as a trigger for IBD [66,67]. 
Indeed, the presence of pathogenic Yersinia DNA was observed in 31% 
of CD patient samples. In addition, enteropathogenic Yersinia strains 
display a tropism to lymphoid tissue [68]. The bacteria bind to and 
invade M cells within the follicle-associated epithelium overlying the 
lymphoid follicles of the PPs [69,70]. Following their entry into PPs, 
the bacteria induce the host immune response, which is characterized 
by inflammation with infiltration of neutrophils and macrophages [71]. 
Further functional studies are needed to establish a relation between 
Yersinia infection and IBD aetiology.
Bacteria Responsible for Gastroenteritidis
Nontyphoid Salmonella and thermophilic Campylobacter have been 
suggested as having a role in the aetiology of IBD [72-74]. An increased 
risk of IBD in Salmonella or Campylobacter gastroenteritis patients as 
compared with an age- and gender-matched background population 
was observed. This risk was higher during the first year but remained 
high up to 15 years after the Salmonella/Campylobacter gastroenteritis. 
The risk was higher in in-patients than in out-patients. The differences 
related to UC vs CD, Salmonella vs Campylobacter, age groups, and 
gender were minor [75]. Moreover, acute inflammation triggered by 
enteric pathogens, such as Salmonella typhimurium is accompanied by 
changes in the bacterial community structure marked by an outgrowth 
of the pathogen. Recent studies show that S. typhimurium can harness 
benefit from the host response to edge out the beneficial bacterial 
species that dominate in the healthy gut [76].
Listeria
The development of the cold-chain paralleled the outbreak of CD 
during the 20th century, which suggests that psychrotrophic bacteria 
such as Listeria spp. could contribute to the disease [77]. Listeria 
monocytogenes has been occasionally found in the gastrointestinal tract 
of healthy persons and has been implicated in causing granulomatous 
hepatitis in animals and humans [78]. The oral administration of L. 
monocytogenes initiated infection in the PPs of the small intestine of 
mice [79]. The PPs appeared to be the only site where L. monocytogenes 
made an initial invasion and survived in the intestinal tissues. It is 
tempting to suggest that on interacting with the host mucosa, Listeria 
may induce the aphthous ulcer, regarded as the earliest lesion of CD 
[80] and the first to recur after surgery [81]. 
Mycobacterium avium paratuberculosis (MAP)
Mycobacterium avium paratuberculosis (MAP) is an obligate 
intracellular organism that has frequently been associated with CD. 
MAP is a recurrent candidate for several reasons: it causes epidemic 
chronic colitis in cattle and other species, including primates; it has 
similarities with Johne’s disease; higher levels of MAP have been found 
in the tissues and blood of CD patients than in controls; antibodies 
directed against MAP are often associated with CD; and in some 
cases, anti-mycobacterial drugs improve disease status. Molecular 
techniques, such as polymerase chain reaction, and culture methods, 
have enabled to demonstrate that there is an association between MAP 
and CD. Recently, genome-wide association studies (GWAS) identified 
novel susceptibility genes for CD, which are critical for generation of 
an adaptive immune response that is protective against intracellular 
pathogens, including M. tuberculosis infection. 
Host Factors Favoring Bacteria as Inducer of Inflamma-
tion: Lessons from Mice Models
Many genetic predisposition factors have been recently discovered. 
GWAS have identified 71 interesting candidate genes as being 
associated with CD including NOD2, ATG16L1 and IRGM [82]. In 
innate immunity, the association of CD with polymorphisms in the 
two autophagy-related genes, ATG16L1 and IRGM, and in NOD2 
(CARD15), leads to defects in the recognition and handling of 
intracellular bacteria, defects in the synthesis of anti-microbial peptides 
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by Paneth cells, which argues in favour of bacterial involvement in CD 
aetiology.
Autophagy-related genes
It has recently been recognized that NOD2 exerts an important role 
in the induction of autophagy associated with the intracellular presence 
of bacteria [83,84]. Because NOD2 polymorphisms account for the vast 
majority of the currently explained cases of genetic heritability of CD, 
and as ATG16L1 is among the genes most strongly associated with CD, 
autophagy and the intracellular sensing of bacteria may be part of a 
major shared mechanism in the development of CD [85].
NOD2-mediated sensing of bacterial products facilitates control of 
bacterial infection. In vitro, NOD2 has been found to be involved in 
the bacterial clearance of Salmonella and Streptococcus species [86,87], 
and Nod2–/– knock-out mice display increased susceptibility to per-
os Listeria monocytogenes infection, a finding paralleled by a decreased 
Paneth cell secretion of some anti-bacterial cryptidins [11]. By contrast, 
NOD2 does not appear to play a role in the clearance of Yersinia 
pseudotuberculosis in a murine model [88]. Patients harbouring NOD2 
mutations have decreased levels of mRNA for alpha-defensins HD-5 
and HD-6 in involved ileal mucosa compared with un-involved ileal 
mucosa [89]. However, reduction in HD-5 and HD-6 transcription may 
not have been associated with NOD2 status but could have been the 
consequence of inflammation [90]. Moreover, a defect in NOD2 gene 
revealed an abnormal presence of Bacteroidetes species in the ileum 
of NOD2 deficient mice suggesting the involvement of NOD2 in the 
control of flora composition and diversity [91]. This mutation also 
could favour the persistence and virulence of Helicobacter hepaticus 
in NOD2 deficient mice. Together, all these studies underscore the 
importance of NOD2 and suggest that the CD-specific mutated NOD2-
L1007fs can participate in a functionally impaired epithelial barrier and 
in sensitivity to bacterial infection and to a particular microbiota due to 
defects in defensin secretion.
IRGM and  deficient epithelial cells and macrophages 
failed to control intracellular replication bacteria, as shown with 
Salmonella, Mycobacterium or Crohn’s disease-associated adherent-
invasive E. coli [61]. As autophagy is an innate defense mechanism 
acting as a cell-autonomous system for elimination of intracellular 
pathogens, this observation lends weight to the notion that intracellular 
bacteria including AIEC might play a role in CD pathogenesis and 
that deficiency in the autophagy process due to mutations might 
allow pathogenic bacteria to persist within patients’ mucosa. A recent 
study showed that the association of IRGM with CD arises from a 
miRNA-based alteration in IRGM regulation that affects the efficacy 
of autophagy, thereby involving a synonymous polymorphism as a 
likely causal variant [92]. Studies in Atg16l1 hypomorphic (Atg16l1HM) 
mice gave insights into the potential mechanism of ATG16L1 in CD. 
Atg16l1HM mice were shown to develop normally without any evidence 
of intestinal inflammation but they exhibited substantial structural 
abnormalities in Paneth cells, suggesting defects in cryptidin secretion 
[93]. This is a consequence of the presence of a murin norovirus 
persistent infection in the context of the Atg16l1 hypomorphic protein 
[94]. These data strongly support the involvement of infectious agent in 
modulation of host gene expression in a genetically predisposed host.
Endoplasmic reticulum stress related genes XBP1 and GP96
Endoplasmic reticulum (ER) stress is induced by the accumulation 
of misfolded proteins in the ER arising from either primary (genetic) 
or secondary (environmental) factors that affect the folding of proteins 
within the ER. A genetic locus in the vicinity of XBP1 was initially 
involved as a risk factor for IBD based upon GWAS analysis 
[95,96].
Total loss of XBP1 function, as observed in homozygotically deleted 
mice, resulted in a nearly complete absence of Paneth cells, leading 
to defects in anti-microbial synthesis, hyper-responsiveness to the 
microbial antigens and reduction of goblet cells due to apoptosis. All 
together, these events lead to spontaneous small intestinal inflammation 
and increased susceptibility to challenge with L. monocytogenes [97]. 
These studies with XBP1 reveal the possibility that IBD may primarily 
emanate from genetically determined abnormalities within the 
intestinal epithelium.
The ER-stress response chaperone Gp96 is strongly expressed on 
the apical surface of ileal epithelial cells in CD patients and acts as a 
host cell receptor for outer membrane vesicles from AIEC bacteria, 
promoting AIEC invasion [98]. Hence, it is speculated that AIEC could 
take advantage of the abnormal expression of Gp96 in patients with CD 
to invade the ileal mucosa, promoting gut inflammation.
Carcinoembryonic antigen-related cell-adhesion molecule 6
Carcinoembryonic antigen-related cell-adhesion molecule 6 
(CEACAM6) is overexpressed in the ileal epithelial cells of patients with 
CD, as compared with those of controls, and allows CD-associated AIEC 
to colonize the gut and to induce strong inflammation in transgenic 
mice expressing human CEACAM6 [99,100]. The presence of AIEC 
causes an increase in the expression of CEACAM6 on the surface of 
cultured intestinal cells, as does incubation with IFN-γ or TNF-α, 
pro-inflammatory mediators of which increased levels are typically 
found in the intestine of CD patients. Of note, AIEC can induce the 
secretion of TNF-α from cultured macrophages [59]. Thus, AIEC may 
directly and indirectly induce epithelial cells to up-regulate CEACAM6, 
thereby allowing their own adhesion to these cells. By increasing the 
adhesion of AIEC, CEACAM6 may contribute to an amplification 
loop of increased colonization and inflammation [101]. To date, no 
polymorphism in CEACAM6 gene have been associated with CD in 
GWAS analysis. A recent study reported the presence of polymorphism 
in CEACAM6 gene but no relationship between CEACAM6 variants 
and IBD susceptibility, in particular with the ileal CD involvement, 
was observed [102]. This suggests a particular gene regulation in CD 
leading to CEACAM6 abnormal expression and allowing AIEC to 
trigger ileal inflammation. These findings on bacterial interaction in 
genetically modified mice mimicking CD genetic susceptibility show 
that most pathogenic bacteria are only able to drive inflammation in a 
particular genetic context.
Role of Probiotics in IBD Therapy
Immunosuppressive therapies, for example with TNF antagonists, 
are currently being used as remedies against severe human inflammatory 
diseases. The use of antibiotics as primary or adjuvant treatments for 
active luminal IBD is controversial despite promising data from clinical 
trials [103]. With the identification of dysbiosis in IBD patients, there 
is growing evidence that probiotic micro-organisms might influence 
disease outcome of IBD in both animal models and humans [104,105]. 
Probiotics are viable microorganisms that proliferate in the gut 
and exert positive health effects. Examples of species of probiotics 
that are currently in use or under evaluation are: Lactobacillus 
rhamnosus, L. reuteri, L. acidophilus, L. bulgaricus, Bifidobacterium 
infantis, Saccaromyces boulardii, Enterococcus faecium, the Nissle strain 
of Escherichia coli and Clostridium butyricum (For review, [106]. 
These probiotics are able to (1) compete for binding sites decreasing 
pathogen attachment and subsequent invasion of the mucosa, (2) 
Citation: J\	
J
JL
(
)
%J
>) (
I!K
#	
N
>	

<&&

#	@
>G
JO
Z
=			
J&	

@
+R!!;O
R!OU"$^&O+,!!;
Page  6  of 9
J Gastrointest Digest Sys ISSN:  JGDS, an open access journalInflammatory Bowel Disease
stimulate epithelial barrier function and (3) modulate host defense 
genes expression such as antimicrobial peptides in the gut. A recent 
study described the ability of probiotic Escherichia coli Nissle 1917 
to reduce pathogen invasion and to modulates cytokine expression 
in Caco-2 cells infected with CD-associated E. coli LF82 [107]. E. 
coli Nissle, Lactobacillus and the VSL#3 bacterial mixture are able to 
strengthen intestinal barrier functions through the up-regulation of 
human beta defensin-2 via induction of proinflammatory pathways 
[108,109]. Moreover, probiotics enhance barrier function and intestinal 
immunity. Many recent studies report the benefic effect of probiotics 
on epithelial barrier function in vitro and in vivo. For example, 
Lactobacillus rhamnosus GG accelerates intestinal barrier maturation, 
induces claudin-3 expression [110] and attenuates interferon-γ and 
tumour necrosis factor-α-induced barrier dysfunction in vitro [111]. 
Gram-positive probiotic Lactobacillus is able to modulate barrier 
function in vitro by increasing adherent junction protein expression 
and complex formation [112].
Lactobacillus casei has been shown to antagonize the pro-
inflammatory effects induced by commensal E. coli in human CD by 
down regulating pro-inflammatory mediators [113]. The protective 
effects of commensal bacteria or probiotics have been analysed in 
different mouse models of experimental colitis. For example, (i) yeast 
Saccharomyces boulardii, which is increasingly prescribed as a probiotic 
agent against human IBD [114], alleviates Citrobacter rodentium-
induced colitis in mice by modulating the expression of type 3 secretion 
system [115], (ii) polysaccharide A from B. fragilis (a commensal 
non toxigenic B. fragilis NTBF strain) exerts protective effect against 
H. hepaticus-induced intestinal inflammation in mice [37], (iii) the 
presence of segmented filamentous bacteria improves colonization 
resistance to C. rodentium and enhances intestinal barrier functions and 
T cell maturation [17] and (iv) lactic acid bacteria, such as Lactobacillus 
plantarum and Lactobacillus brevis, prevents the production of pro-
inflammatory cytokines in a DSS-induced colitis model [116]. 
To conclude, the beneficial effects of probiotic intervention 
on intestinal inflammation could be the result of many different 
mechanisms, including improvement of colonization resistance and 
barrier function, metabolic effects, modulation of signal transduction 
and immune responses [117].
Conclusion
In summary, genetic studies and murine models have emphasized 
the role of genetic predispositions and how they affect interactions 
with microbial and environmental factors, leading to pro-colitogenic 
perturbations of the host-commensal relationship. This review provides 
important insights into the role of intestinal microbiota in induction of 
IBD. In contrast to acute inflammation which can be trigger by a single 
micro-organism, there is clear evidence that a single microbial species 
is not sufficient to trigger chronic IBD and that specific bacterial subsets 
can induce IBD, whereas other subsets cannot. This does not exclude, 
however, the possibility that additional pathobionts species may also 
be capable of disease induction. As additional animal models of IBD 
based on more human susceptibility mutations become available, the 
experimental criteria and conceptual framework developed will allow 
us to better understand the role of bacteria in IBD aetiology.
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Point Mutations in FimH Adhesin of Crohn’s Disease-
Associated Adherent-Invasive Escherichia coli Enhance
Intestinal Inflammatory Response
Nicolas Dreux1, Jérémy Denizot1, Margarita Martinez-Medina1, Alexander Mellmann2, Maria Billig3,
Dagmara Kisiela3, Sujay Chattopadhyay3, Evgeni Sokurenko3, Christel Neut4, Corinne Gower-Rousseau4,
Jean-Frédéric Colombel4, Richard Bonnet1,5, Arlette Darfeuille-Michaud1,5,6, Nicolas Barnich1,6*
1M2iSH, UMR1071 Inserm, Université d’Auvergne, USC-INRA 2018, Clermont-Ferrand, France, 2 Institute of Hygiene, University Hospital Münster, Münster, Germany,
3University of Washington School of Medicine, Department of Microbiology, Seattle, Washington, United States of America, 4 Inserm U995, Université Lille II, Hôpital
Claude Huriez, Lille, France, 5 Service de Bactériologie, CHU, Clermont-Ferrand, France, 6 Institut Universitaire de Technologie, Génie Biologique, Aubière, France
Abstract
Adherent-invasive Escherichia coli (AIEC) are abnormally predominant on Crohn’s disease (CD) ileal mucosa. AIEC reference
strain LF82 adheres to ileal enterocytes via the common type 1 pili adhesin FimH and recognizes CEACAM6 receptors
abnormally expressed on CD ileal epithelial cells. The fimH genes of 45 AIEC and 47 non-AIEC strains were sequenced. The
phylogenetic tree based on fimH DNA sequences indicated that AIEC strains predominantly express FimH with amino acid
mutations of a recent evolutionary origin - a typical signature of pathoadaptive changes of bacterial pathogens. Point
mutations in FimH, some of a unique AIEC-associated nature, confer AIEC bacteria a significantly higher ability to adhere to
CEACAM-expressing T84 intestinal epithelial cells. Moreover, in the LF82 strain, the replacement of fimHLF82 (expressing
FimH with an AIEC-associated mutation) with fimHK12 (expressing FimH of commensal E. coli K12) decreased the ability of
bacteria to persist and to induce severe colitis and gut inflammation in infected CEABAC10 transgenic mice expressing
human CEACAM receptors. Our results highlight a mechanism of AIEC virulence evolution that involves selection of amino
acid mutations in the common bacterial traits, such as FimH protein, and leads to the development of chronic inflammatory
bowel disease (IBD) in a genetically susceptible host. The analysis of fimH SNPs may be a useful method to predict the
potential virulence of E. coli isolated from IBD patients for diagnostic or epidemiological studies and to identify new
strategies for therapeutic intervention to block the interaction between AIEC and gut mucosa in the early stages of IBD.
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Introduction
The molecular pathogenesis of inflammatory bowel disease
(IBD), a chronic inflammation of the digestive tract, remains
poorly understood. However, current evidence suggests that
Crohn’s disease (CD) pathogenesis involves interactions between
the intestinal microbiome and the immune system, including
important contributions from genetic and environmental risk
factors with microorganisms playing a central role [1,2]. Of the
bacteria that may play a role in the pathogenesis of CD, a
pathovar of E. coli called AIEC, for adherent-invasive Escherichia
coli, has been strongly implicated in IBD, particularly in CD
[3,4,5,6,7,8]. AIEC are able to adhere to the intestinal epithelium
and colonize gut mucosa. They invade intestinal epithelial cells
and macrophages and are able to replicate intracellularly without
inducing cell death or INFc secretion by infected macrophages.
AIEC were found to be associated with ileal mucosa in 36.4% of
CD patients compared with 6.2% of controls [3], suggesting that
these bacteria are involved in CD pathogenesis. AIEC are distinct
from other pathogenic intestinal E. coli strains because they do not
harbor genes typically associated with pathogens such as
enterotoxigenic, enterohemorrhagic, enteroinvasive, enteroaggre-
gative, and enteropathogenic E. coli [9,10]. AIEC bacteria adhere
specifically to carcinoembryonic antigen-related cell adhesion
molecule 6 (CEACAM6), which is abnormally expressed in the
ileal mucosa of 35% of CD patients, via FimH, the terminal
subunit of the type 1 pilus [11].
Type 1 pili are encoded by the fim operon, and their expression
is phase variable, depending on an invertible DNA element (the
fimS region) that is located upstream of the fim operon and contains
the fim promoter [12]. Two tyrosine recombinases, FimB and
FimE, are known to control the orientation of the fimS-invertible
region. FimB has bidirectional activity but predominantly switches
fim operon transcription from OFF to ON, while FimE exclusively
mediates ON to OFF phase switching [13,14]. Additional FimB
homologs also mediate type 1 pili phase variation in vitro and in vivo
[15]. The FimH adhesin (approx. 32 kDa) consists of the lectin
and the pilin domains, which are connected by a short tetrapeptide
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loop (residues 157–160), and is located on the tip of type 1
fimbriae, 0.5–1 mm long organelles primarily composed of FimA
polymers found on the bacterial surface. FimH mediates bacterial
adhesion in multiple body compartments including the large
intestine, urinary tract, and bloodstream, in which the bacterium
may be exposed to fluid flow. Through its lectin domain, the
adhesin mediates bacterial binding to the ligand mannose, a
carbohydrate found on host cells and surfaces in the form of
monomannose (1 M) [16]. High monomannose binding depends
on the presence of structural point mutations in the fimH gene
[17]. FimH mutations were shown to confer significant advantages
upon bacteria during bladder colonization in a murine model [18]
and to correlate with extraintestinal virulence of E. coli [19]. In
uropathogenic E. coli (UPEC), blocking the binding of FimH to its
natural receptor prevents bacterial colonization and subsequent
inflammation of the urinary tract [20,21]. For example, manno-
sides, small molecule inhibitors of the type 1 pilus FimH adhesion,
provide significant protection against catheter-associated UPEC
urinary tract infections by preventing bacterial invasion and
shifting the UPEC niche primarily to the extracellular environ-
ment [22]. Another strategy is to interrupt pilus assembly and
thereby block pilus-mediated adhesion using pilicides, which are
pilus inhibitors that target chaperone function by inhibiting pilus
biogenesis [23,24]. Finally, a vaccine containing a recombinant,
truncated form of FimH adhesin strongly reduces in vivo bladder
colonization by UPEC in a mouse cystitis model [25], and
optimization of mannoside compounds for oral bioavailability
shows therapeutic efficacy after oral administration and provides
substantial benefit to women suffering from chronic and recurrent
urinary tract infections [26].
Type 1 pili of AIEC bind with high affinity to overexpressed,
mannosylated CEACAM6 in CD patients [11], and therapeutic
strategies similar to those described for UPEC infection could be
used to block gut colonization by AIEC in CD patients expressing
CEACAM6. We therefore decided to investigate whether there is
specific selection of the evolution of AIEC FimH adhesin. We
elected to (1) analyze DNA variation patterns in fimH alleles
among different AIEC and non-AIEC strains isolated from CD
patients and controls, (2) correlate the presence of amino acid
substitutions with the ability of E. coli strains to adhere to T84
intestinal epithelial cells expressing endogenous CEACAM mol-
ecules and (3) analyze the impact of AIEC fimH pathoadaptive
polymorphism on the ability of AIEC to colonize and induce gut
inflammation in an animal model expressing human CEACAMs.
Results
fimH allelic variation in AIEC and non-AIEC strains
We used a collection of 92 E. coli strains comprising 45 AIEC
and 25 non-AIEC strains isolated from the ileal mucosa and stools
of CD patients and 22 non-AIEC strains from controls. The fimH
genes were sequenced from the 92 E. coli strains and aligned and
analyzed for sequence diversity. For comparison, fimH of E. coli K-
12 was added to the alignment and phylogenetic analysis. Among
the 92 E. coli isolates, 59 distinct fimH DNA allelic variants were
identified (Table S1 in Text S1). We used Zonal Phylogeny to
construct a FimH protein tree from the maximum likelihood DNA
tree, collapsing branches with silent changes (Figure 1A). This
allows identical amino acid changes that are evolutionarily distinct
(phylogenetically unlinked) to be readily identified. As a result, the
convergent molecular evolution of proteins can be determined
directly via repeated hotspot mutations in the same amino acid
position. Along the protein tree, a total of 42 evolutionarily distinct
FimH variants (Figure 1A) were identified, and these formed two
major clades: the most common, consensus structure (right side of
the tree, Figure 1A) and a FimH that differed from the consensus
sequence by N70S and S78N substitutions (S70/N78 clade, left
side of the tree, Figure 1A). Seven of the FimH variants were
evolutionarily fixed, and the rest are evolutionarily recent. AIEC
isolates carried 29 FimH variants (Table 1), and non-AIEC
isolates carried 22 variants (non-significant difference), with 8
variants carried by both strain types.
Ten amino acid positions in FimH were affected by hotspot
mutations (Table 2). Of the 45 AIEC isolates, 40 carried FimH
with a hotspot mutation, while 27 of the 47 non-AIEC isolates
were in the same category (P,0.01, Table 2). AIEC-specific
hotspot mutations were at positions G73, T158 and R166
(P,0.001, Table 2). In addition, 33 AIEC isolates carried
evolutionarily recent variants, while most non-AIEC variants were
of an evolutionarily fixed origin (P,0.05, Table 2). Of note, one
of the FimH variants of recent origin with a hotspot mutation in an
AIEC-specific position (T158P) was carried by the reference AIEC
strain LF82 (Figure 1A).
Thus, in contrast to non-AIEC isolates, AIEC isolates tend to
carry FimH with hotspot mutations that are of evolutionarily
recent origin and that can be signatures of pathoadaptive
mutations.
MLST analysis and phylotyping
The correlation between fimH sequences, multi-locus sequence
typing (MLST) and PCR phylogrouping (ABD typing) was
established to evaluate the evolutionary relationships among
closely related AIEC strains. A total of 24 sequence types (STs)
were identified, 3 of which were newly discovered STs (Table S2
in Text S1). MLST showed a broad diversity within the various
allelic profiles indicating no AIEC-specific genomic background,
as shown by MLST ST or ST complex (Figure 1B). There were
no significant differences between AIEC and non-AIEC isolates in
their associations with the major phylogenetic groups, with the B2
group being the largest in both (Table 3). All but one FimH
Author Summary
The etiology of inflammatory bowel diseases, in particular
Crohn’s disease (CD), involves disorders in host genetic
factors and intestinal microbiota. Adherent-invasive Esch-
erichia coli (AIEC) are receiving increasing attention
because they have been reported worldwide to be more
prevalent in CD patients than in healthy subjects. AIEC
adhere to ileal enterocytes via type 1 pili, which recognize
the CEACAM6 receptor, which is abnormally expressed in
CD patients. The ability of AIEC to adhere to intestinal
epithelial cells expressing CEACAM6 could be correlated
with the presence of amino acid substitutions in the type 1
pili FimH adhesin subunit. AIEC strains express FimH
protein variants with recently acquired amino acid
mutations, which is a typical signature of pathoadaptive
evolution of bacterial pathogens. AIEC-associated muta-
tions in FimH confer on AIEC bacteria a significantly higher
ability to adhere to CEACAM-expressing intestinal epithe-
lial cells. Our results highlight a mechanism of AIEC
pathogenic evolution that involves selection of FimH
pathoadaptive mutations, which are required for AIEC
gut colonization, which leads to the development of
chronic inflammation in a genetically susceptible host. The
analysis of fimH SNPs may be a useful method to predict
the potential virulence of E. coli isolated from IBD patients
in epidemiological studies and to develop new therapeutic
interventions.
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Figure 1. FimH protein Zonal Phylogeny and MLST tree of AIEC used in this study. (A) Each circle represents a FimH variant coded by
phylogenetically distinct fimH allele(s). Circle size reflects the number of strains (from 1 to 12) carrying the corresponding FimH variant. Consensus,
the most common and evolutionarily primary FimH variant. All amino acid changes indicated are derivatives from the consensus variant. Circles inside
the black rings represent evolutionarily fixed FimH variants coded by multiple phylogenetically linked fimH alleles with silent variations only. The rest
are evolutionarily recent FimH variants coded by a single fimH allele. In red – the proportion of AIEC strains carrying the corresponding FimH variant.
In green – the proportion of non-AIEC strains. (B) Minimum spanning tree based on the MLST allelic profiles portraying the clonal distribution of 45
AIEC strains and 3 reference strains. Each dot represents a given sequence type (ST) and the size of the circle is proportional to the number of strains
analyzed. Connecting lines of increasing length and the numbers on these lines demonstrate the number of different alleles between two STs. The
color of the dots represents the different AIEC clades and the reference strains.
doi:10.1371/journal.ppat.1003141.g001
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Table 1. FimH variants of the AIEC isolates studied.
Mutations at amino acid residueb
FimH
clade Variantsa Strains
Leader
peptide Lectin domain Pilin domain
6 10 10 25 26 27 66 70 73 78 106 109 111 119 129 158 163 166 195 243 261 273
K12 T N V A T V G N G S A L P A L T V R Y A G G
Variant 1 LF9
LF15
LF25
LF89
LF110
Variant 2 LF138 A
6281 A
6356 A
Variant 3 6028 A A
Variant 4 LF65 T A
Variant 5 LF123 A A
Variant 6 7093 A W F
Variant 7 LF87 A F
Variant 8 LF54 A W
Consensus Variant 9 LF51 A R
Variant 10 7035 A H
7081 A H
7090 A H
Variant 11 LF50 A C
Variant 12 LF28 N I A V
6011 N I A V
7022 N I A V
Variant 13 7074 N I S A V
Variant 14 LF26 N A V
7113 N A V
Variant 15 LF49 N A V A
LF71 N A V A
6029 N A V A
6151 N A V A
Variant 16 6088 A N S
Variant 17 6259 A N
Variant 18 LF73 A S N
Variant 19 6254 A W N
Variant 20 LF16 A S W N
Variant 21 7049 A S E N
S70/N78 Variant 22 7136 A S R N
Variant 23 7103 A S N L
Variant 24 LF82 A S N P
Variant 25 7082 A S N A
Variant 26 6170 A S N A
FimH Pathoadaptive Mutations in AIEC
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variant from the S70/N78 clade was associated with the B2
isolates. B2 strains were also found in the consensus FimH clade
(Table 3). However, on the basis of MLST allelic profiles, all
AIECs from the S70/N78 clade, with very few exceptions, were
clearly separated from the AIEC FimH consensus clade
(Figure 1B).
Although the MLST data showed no strong association among
the major phylogenetic groups of E. coli and AIEC strains, the
overall findings demonstrate a clear separation of AIEC within the
two FimH major clades, the consensus and the S70/N78.
Adhesion level of AIEC on intestinal epithelial cells
depends on FimH mutations
FimH adhesin of type 1 pili, which mediates adhesion to
cultured intestinal epithelial cells, plays an essential role in the
virulence of AIEC strain LF82 [11,27]. Thus, we investigated the
involvement of FimH amino acid substitutions in the adhesion of
AIEC and non-AIEC strains to T84 intestinal epithelial cells.
Interestingly, a significantly higher ability to adhere to CEA-
CAM6-expressing undifferentiated T84 intestinal epithelial cells
was observed for AIEC strains belonging to the S70/N78 clade
(including AIEC LF82 reference strain) (Figure 2A). When we
compared the ability of AIEC strains belonging to the S70/N78
clade to adhere to undifferentiated or differentiated T84 intestinal
epithelial cells, we observed a higher adhesion to differentiated
T84 cells (Figure 2B), which have overexpressed CEACAM6
receptor on the cell surface (Figure 2C). Non-AIEC strains from
the S70/N78 clade had a low ability to adhere to T84 intestinal
epithelial cells compared with AIEC strains from the S70/N78
clade (Figure 2D). This was due to the lack of type 1 pili
expression as shown by yeast agglutination (Figure 2E) and
electron microscopy (Figure 2F). Of note, the orientation of the
fimS invertible element, which is phase variable, was mainly in the
OFF phase in non-AIEC strains, which would explain the absence
of fim operon expression (data not shown).
These results show that both expression of type 1 pili and FimH
amino acid substitutions are required to confer upon AIEC
bacteria a greater ability to adhere to intestinal epithelial cells
expressing the CEACAM6 receptor.
Amino acid substitutions affect adhesion to intestinal
epithelial cells
To determine whether the increased ability of AIEC strains to
adhere to intestinal epithelial cells was linked to amino acid
substitutions in FimH and was not a consequence of other
differences in the bacterial genome, we assessed the effect of FimH
variant expression in the genetic background of AIEC LF82 on the
ability to adhere to T84 cells. Thus, in the background of E. coli
LF82, we constructed isogenic strains expressing FimH from LF82
and, as a comparison, FimH from E. coli K12, which, unlike the
FimHLF82, belongs to the consensus FimH clade (with A27V
Table 2. Evolution and hotspot mutations in fimH from AIEC
and non-AIEC strains.
AIEC Non-AIEC
Evolutionarily fixed FimH variants 12 29**
evolutionarily recent FimH variants 33 17**
Hotspot mutations in FimH
Total 40 27*
T-6N 10 8
A27T/V 7 7
G66A/C/S 1 2
S70N 4 5
G73A/E/R/W 7 0***
A106T/V 1 1
T158A/P 2 0***
V163A/I 1 3
R166C/H/S 5 0***
Y195F 2 1
*x2 P,0.05.
**x2 P,0.01.
***262 x2 P,0.001 for 3 hotspot mutations in FimH (specific to AIEC)
compared to the rest.
doi:10.1371/journal.ppat.1003141.t002
Table 3. Phylotype of E. coli according to fimH clades.
Phylotype
Clade
Number of
strain A B1 B2 D
Consensus 67 10 (28.8%) 7 (10.4%) 28 (41.8%) 13 (19.4%)
S70/N78 25 0 (0.0%) 0 (0.0%) 24 (96.0%) 1 (4.0%)
doi:10.1371/journal.ppat.1003141.t003
Table 1. Cont.
Mutations at amino acid residueb
FimH
clade Variantsa Strains
Leader
peptide Lectin domain Pilin domain
6 10 10 25 26 27 66 70 73 78 106 109 111 119 129 158 163 166 195 243 261 273
K12 T N V A T V G N G S A L P A L T V R Y A G G
Variant 27 6076 A A N V R
Variant 28 6283 A C N V
Variant 29 LF31 A A S N T
aVariants are defined as combinations of amino acid mutations.
bBlank entries indicate identity with the wild type. Mutations are indicated.
doi:10.1371/journal.ppat.1003141.t001
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substitution) and to an evolutionarily fixed rather than recent node
on the tree (Figure 3A). Compared with the wild-type LF82
strain, these constructs had a similar ability to express type 1 pili
on the bacterial surface (Figure 3B) and to agglutinate yeast
(Figure 3C), suggesting expression of functional type 1 pili. Other
isogenic mutants harboring FimH from other AIEC strains were
created in the LF82 background and showed similar patterns of
functional type 1 pili expression as shown by electron microscopy
examination (Figure 3B), yeast agglutination (Figure 3C) and
colony immunoblotting (Figure S1), indicating that all mutations
in the fimH gene tested in this study do not modify FimH
expression.
Inactivation of fimH in the LF82 strain prevented adhesion to
T84 cells (Figure 4A). We verified that the replacement of
original fimH by fimHLF82 in the AIEC LF82 genome restored
most of its ability to adhere to T84 intestinal epithelial cells. In
Figure 2. Adhesion ability of AIEC and non-AIEC strains with regard to fimH clade and CEACAM6 expression. (A) Cell-associated
bacteria were quantified using non differentiated T84 cells after a 3 H infection period, and results were analyzed with regard to fimH clade. (B) Cell-
associated AIEC bacteria belonging to the fimH S70/N78 clade were quantified using undifferentiated and differentiated T84 cells after a 3 H infection
period. (C) Western blot analysis of whole protein extracts from non-differentiated and differentiated T84 cells using anti-CEACAM6 and anti-GAPDH
antibodies. (D) Cell-associated bacteria (AIEC and non-AIEC bacteria belonging to the fimH S70/N78 clade) were quantified using differentiated T84
cells after a 3 H infection period. (E) Yeast agglutination titer of AIEC and non-AIEC strains belonging to the fimH S70/N78 clade. (F) Transmission
electron micrograph of negatively stained AIEC and non-AIEC bacteria belonging to the fimH S70/N78 clade, magnification625 000.
doi:10.1371/journal.ppat.1003141.g002
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contrast, the replacement of fimHLF82 by fimHK12 caused a 6 fold
decrease in adhesion to T84 cells compared with the adhesion
level mediated by fimHLF82. fimHLF82 was replaced by other
fimHvariants in the AIEC LF82 genome to assess their ability to
adhere to T84 cells. Constructs expressing an amino acid
substitution at AIEC-specific positions (158 and 73) in the
background of the S70/N78 variant had a higher adhesion index
than the strain harboring fimHK12. Compared with that of
fimHL82, the effect was variable. For position 158, FimHLF73 (with
no change in position T158) and FimH7082 (with T158A) led to a
2 to 3 fold lower ability to adhere to T84 cells compared with
FimHLF82 (i.e., with T158P). For position 73, FimH7136 (with
G73R) had almost the same effect as FimHLF82, whereas G73W
and G73E substitutions had significantly lower effects on
adhesion ability. For position 106, FimHLF31 (with A106T
combined with G66A) also led to increased ability to adhere to
T84 cells at a level similar to that of FimHLF82 (Figure 4A). As
differentiated T84 cells express a higher level of CEACAM6 than
undifferentiated T84 cells, we measured the adhesion levels of all
the constructs using differentiated T84 cells. For all the constructs
tested, the adhesion index was higher for differentiated than for
undifferentiated T84 cells (Figure 4B). As previously shown,
mutations in FimH increase E. coli binding to human urinary
tract epithelial cells [17,18,28]. Examination of the binding of the
different FimH constructs to human T24 bladder epithelial cells
(Figure S2-B) revealed an overall high correlation (R2 = 0.69)
between the binding to the intestinal and bladder epithelial cells,
with the strongest binding exhibited by the FimHLF82 variant.
However, the relatively strong binding of the 7136 and LF31
variants to the intestinal cells was not as straightforward as with
the bladder epithelial cells. This indicates that the specific FimH
polymorphisms selected in our AIEC collection, although they
have an overall similar effect on the binding to uroepithelial cells,
may preferentially enhance adhesion to intestinal epithelial cells.
FimH variants are able to mediate a highly variable ability to
bind terminal single mannose residues (monomannose, 1 M)
under static adhesion conditions [29]. Low 1M-binding under
static conditions corresponds to shear-dependent adhesion of
FimH, whereas high 1 M binding is indicative of shear-indepen-
dent binding properties. We tested the correlation between the
ability of FimH variants to bind the intestinal cells and to interact
with 1 M. We used 1M-BSA immobilized on the surface of a 96-
well plate and compared the level of binding by growth assay. To
avoid any potential effects of the differential growth rate of
different strains and potential differential fimbrial expression
among the FimH variants, the quantitative differences in 1 M
binding capabilities of FimH variants were normalized to the
oligomannose substrate (3 M binding, as in bovine RNAse B) that
Figure 3. Construction of fimH chromosomal mutants. (A) Construction of fimH chromosomal mutants. (B) Electron microscopy examination of
AIEC LF82 bacteria, LF82-DfimH isogenic mutant, LF82-DfimH/fimHLF82, LF82-DfimH/fimHK12, LF82-DfimH/fimH7082, LF82-DfimH/fimHLF28, LF82-DfimH/
fimHLF16, LF82-DfimH/fimH7049, LF82-DfimH/fimHLF31, LF82-DfimH/fimH7136; LF82-DfimH/fimHLF73 showing flagella and type 1 pili expression
(magnification 640 000). (C) Yeast agglutination titer of AIEC LF82 bacteria, LF82-D fimH isogenic mutant and fimH chromosomal mutants.
doi:10.1371/journal.ppat.1003141.g003
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is uniformly strong among different FimH variants and directly
correlates to fimbrial expression under static conditions. The
bacterial ability to bind to T84 cells directly and strongly
correlated with FimH-mediated ability to interact with 1 M
(R2= 0.92) (Figure 4C). FimH variants with low 1 M binding
mediated low binding to T84 cells, whereas FimH variants with
high binding to mannose mediated correspondingly higher cell
binding. We tested the binding of a subset of FimH variants to
1 M-BSA and found that the FimHLF82 that exhibited the
strongest 1 M binding under static conditions completely lost
dependency on shear (Figure 4D), with the strongest binding
mediated under the lowest shear that diminished rapidly with
shear increase. In fact, the ability of the FimHLF82 variant to bind
mannose under static conditions is comparable to the strongest
1M-binding phenotype observed previously with different natu-
rally occurring FimH variants [30]. In contrast, the FimH7082 and
FimHLF16 variants that demonstrated low 1 M binding under
static conditions showed strong shear-dependence of the binding,
similar to that of the FimHK12.
Thus, the differential adhesion to intestinal epithelial cells by E.
coli was due to polymorphisms in FimH, with the adhesin variant
from AIEC LF82 showing the highest binding effect. Additionally,
binding of FimH was correlated with the ability to bind to the
terminal single mannose residues present in the N-linked
oligosaccharide moieties of the cell surface CEACAM glycopro-
teins.
Polymorphisms in FimH affect intestinal colonization,
extraintestinal dissemination and ability to trigger
inflammation
To investigate the role of FimH polymorphisms in gut
colonization by AIEC LF82, CEABAC10 transgenic mice
expressing human CEACAM molecules (CEACAM3, CEA-
CAM5, CEACAM6 and CEACAM7) were challenged with AIEC
LF82-DfimH expressing either fimH belonging to the N70/S78
fimH clade (fimHLF82 and fimH7082) or fimH belonging to the
consensus clade (fimHK12 and fimHLF28). Quantification of AIEC
LF82 bacteria in stool samples on post-infection day 2 revealed a
21.5 fold decrease (P= 0.01) in LF82-DfimH/fimHK12
(2.66107 CFU/g of feces) compared with LF82-DfimH/fimHLF82
(5.56108 CFU/g of feces, Figure 5A) and a 20.6 fold decrease at
day 3 post-infection (2.96106 vs 6.06107 CFU/g of feces,
respectively; P= 0.008). A decreased ability to adhere to the
colonic mucosa of transgenic mice was observed for LF82-DfimH/
fimHK12 (1.2610
1 CFU/g of tissues, Figure 5B) compared with
LF82-DfimH/fimHLF82 (3.5610
2 CFU/g of tissues) at day 3 post-
infection. In addition, dissemination of LF82DfimH/fimHLF82 was
observed in the liver and/or the spleen of four transgenic mice
(Figure 5C), whereas LF82-DfimH/fimHK12 was found to
disseminate to the liver and the spleen of only two transgenic
mice. These results suggest that the replacement of fimHLF82 by
fimHK12 in the AIEC LF82 genome decreased the ability of
bacteria to persist in the gut of CEABAC10 mice.
Figure 4. Impact of FimH amino acid substitutions on AIEC adhesion ability. Cell-associated bacteria were quantified using undifferentiated
(A) or differentiated (B) T84 cells after a 3 H infection period. WT represents the original AIEC LF82 reference strain and DfimH represents the LF82-
DfimH isogenic mutant. The other constructs were made in the LF82-DfimH isogenic mutant, in which various fimH variants were reintroduced at the
fimH locus. Each value is the mean6 SEM of at least four separate experiments (* P,0.05; ** P,0.001; *** P,0.001). (C) Relative ability to bind Man1
(1 M/3 M binding ratio) with regard to undifferentiated T84 index adhesion of the various fimH chromosomal mutants constructed. (D) Bacterial
binding to 1M-BSA under various shear stresses (pN/m cm2) was evaluated by measuring bacterial accumulation over 3 min.
doi:10.1371/journal.ppat.1003141.g004
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The disease activity index (DAI) score and histological analyses
of colonic tissue were performed at day 3 post-infection to assess
the degree of inflammation. A significantly decreased DAI score
(P = 0.042) was observed for mice infected with LF82-DfimH/
fimHK12 (4.062.6), LF82-DfimH/fimH7082 and LF82-DfimH/
fimHLF28 compared with mice infected with LF82-DfimH/fimHLF82
(7.063.4) (Figure 5D). The presence of blood in stools was only
observed in transgenic mice infected with LF82-DfimH/fimHL82.
Of note, type 1 pili are not the only virulence factor of AIEC LF82
because mice infected with LF82-DfimH/fimHK12 presented with
mild gut inflammation. Cytokines were also quantified in colonic
specimens after sacrifice at day 3 post-infection. Levels of the pro-
inflammatory cytokine IL-1ß were significantly higher in mice
infected with LF82-DfimH/fimHLF82 than in mice infected with
LF82-DfimH/fimHK12 (P = 0.025; Figure 5E). However, no
significant difference was observed for IL-6 and KC (Keratino-
cyte-derived Cytokine) (data not shown). In addition, examina-
tion of colonic mucosa revealed that transgenic mice infected with
LF82-DfimH/fimHK12 had lower infiltration of inflammatory cells
and less severe epithelial damage with less surface affected than
mice infected with LF82-DfimH/fimHLF82. The colonic histological
score was significantly lower for mice infected with LF82-DfimH/
fimHK12 (6.061.4) than for mice infected with LF82-DfimH/
fimHLF82 (8.060.9) (P = 0.008; Figure 5F).
Quantification of AIEC LF82 bacteria in stool samples on day 3
post-infection revealed no differences between LF82 expressing
fimH from LF82 or 7082 and between LF82 expressing fimH from
K12 or LF28. However, a significant decrease (P= 0.01) in LF82-
DfimH/expressing fimH consensus cluster compared with LF82-
DfimH/expressing N70/S78 clade was observed (Figure 6A). Of
interest, the levels of the pro-inflammatory cytokine IL-1ß secreted
by colonic tissues were significantly higher when colonic loops
were inoculated with LF82 bacteria expressing fimH from LF82 or
from 7082 compared with LF82 bacteria expressing fimH from
K12 or from LF28 (Figure 6B).
Altogether, these results show a major role for polymorphisms in
FimH adhesin of AIEC in the GI tract in vivo and demonstrate that
such FimH polymorphisms contribute to colitis and gut inflam-
mation in CEABAC10 mice.
Discussion
Abnormal expression of CEACAM6 is observed at the apical
surface of the ileal epithelium in CD patients, and CD ileal lesions
are colonized by pathogenic adherent-invasive Escherichia coli
(AIEC) [3,11]. CD-associated AIEC colonize and induce strong
gut inflammation in transgenic mice expressing human CEA-
CAMs, which act as a receptor for type 1 pili produced by AIEC
bacteria [11,31]. AIEC also induce CEACAM6 expression by
intestinal epithelial cells directly by adhering to host cells and
indirectly via increased secretion of TNF-a from AIEC-infected
macrophages. Our hypothesis was that abnormal expression of
CEACAM6 in the ileal mucosa of CD patients can select for E. coli
strains harboring pathoadaptive mutations in FimH adhesin that
Figure 5. Bacterial colonization, colonic mucosa inflammation and translocation in CEABAC10 mice infected with LF82DfimH/
fimHLF82 or LF82DfimH/fimHK12 mutants. (A) Quantification of LF82-DfimH/fimHLF82 (black square) or LF82-DfimH/fimHK12 (white square) bacteria in
the feces of CEABAC10 mice receiving 0.25% DSS in drinking water after oral infection with 109 bacteria on day 0. (B) Quantification of colonic
mucosal-associated LF82-DfimH/fimHLF82 or LF82-DfimH/fimHK12 bacteria on day of sacrifice. (C) Quantification of bacteria on day of sacrifice in the
liver and spleen. (D) DAI was performed for CEABAC10 transgenic mice infected with (black square) LF82DfimH/fimHLF82 or with (white square)
LF82DfimH/fimHK12. (E) Il-1b secretion by colonic mucosa. (F) Histopathological scoring for several parameters of colonic inflammation was performed
for CEABAC10 transgenic mice infected with (black square) LF82DfimH/fimHLF82 or with (white square) LF82DfimH/fimHK12. * P,0.05; ** P,0.01; and
*** P,0.001.
doi:10.1371/journal.ppat.1003141.g005
Figure 6. Bacterial persistence and IL-1b secretion by colonic mucosa of CEABAC10 mice according to FimH sequence. (A)
Quantification of LF82-DfimH/fimHLF82 (black square), LF82-DfimH/fimH7082 (white circle), LF82-DfimH/fimHK12 (white square) and LF82-DfimH/fimHLF28
(white triangle) bacteria in the feces of CEABAC10 mice infected with 109 bacteria on day 3 post-infection. (B) Quantification of IL-1b release by
colonic loops infected with LF82 bacteria expressing fimH from LF82 or 7082 (S70/N78 clade) and from K12 or LF28 (consensus clade). * P,0.05; **
P,0.01.
doi:10.1371/journal.ppat.1003141.g006
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enhance binding to mannosylated receptors. Knowledge of
fimH polymorphisms is critical for our understanding of the
mechanisms of AIEC gut colonization in CD patients and for
efforts to develop novel therapeutic strategies. Indeed, as observed
with uropathogenic E. coli (UPEC) in the context of urinary
infections [32], blocking the interaction between type 1 pili and
CEACAM molecules might serve as a specific means of disrupting
colonization and the subsequent inflammatory amplification
loop.
The phylogeny of 92 E. coli isolates (45 AIEC and 47 non-AIEC)
from a French collection was investigated using a combination of
PCR ABD typing, MLST and DNA sequencing for fimH SNPs
analysis. The number of FimH amino acid variants was
significantly higher in AIEC strains than in non-AIEC strains. In
addition, most of the AIEC strains with similar amino acid variants
belonged to the same phylogroup. Similar observations were
recently reported in UPEC [33]. Of interest, AIEC LF82 genome
sequencing has revealed that this strain is genetically similar to
UPEC strains [34]. MLST analysis of seven housekeeping genes
identified 24 different STs among the 45 AIEC strains analyzed.
Some of these clustered together with the urinary tract pathogen
(CFT073 and UTI89) and the avian pathogen (APEC O1:K1/
H7). This is in agreement with a study based on MLST analysis
reporting that AIEC from a Canadian cohort did not evolve from
a single ancestral background [35]. In general, E. coli from A and
B1 groups are less pathogenic, whereas B2 and D strains are more
frequently pathogenic, causing urinary tract and other extraintes-
tinal infections [36,37]. On the basis of fimH gene sequences,
AIEC can be divided into two clades, composed of the primary
consensus or of S70/N78 FimH variants. This separation into two
clades was confirmed by our MLST data. Most of the AIEC
strains tested in the present study harboring a FimH of the S70/
N78 clade belonged to the B2 phylogroup, which is consistent with
findings of a previous study that reported that the N70S/S78N
amino acid combination in FimH is associated with the B2
phylogroup [19]. MLST analysis and phylogrouping (ABD typing)
of the AIEC collection used in this study are in accordance with
those of previous studies [37,38] and support the observation that
AIEC isolated from CD patients tend to belong to B2 or D
phylotypes. This suggests that these isolates have taken advantage
of a specific micro-environment found in IBD gut.
In addition to detecting hotspot mutations, zonal phylogeny
analysis can determine the relative evolutionary timing of the
emergence of protein variants by distinguishing evolutionarily
fixed or ‘old’ FimH variants (encoded by alleles with silent
diversity) and evolutionarily recent variants (coded by just a single
allele, without silent diversification). Pathoadaptive changes in
bacterial proteins are specifically associated with hotspot mutations
of recent origin due to the source-sink dynamics of virulence
evolution. Thus, in AIEC bacteria, fimH pathoadaptive mutations
may have arisen several times during evolution. This is in
accordance with results reported by different groups showing that
FimH adhesin has accumulated recent amino acid replacements,
which increase tropism for the uroepithelium [18,28,30,39]. While
FimH variations could potentially affect fimbrial biogenesis [40],
the differential binding to mannose observed in our study cannot
be explained by FimH expression levels. First, it has been shown
previously that natural mutation-induced 1M-specific binding is
independent of FimH surface expression [30]. Secondly, we did
not observe a significant difference in the piliation level of bacteria
expressing different FimH variants. Finally, in this study, the
variable 1M-binding was normalized to 3M-binding that is strong
for different FimH variants and directly reflects the piliation level
[18]. Most of these amino acid replacements increase the
monomannose binding capability of FimH under low shear by
altering the allosteric catch bond properties of the protein [41].
FimH is the tip adhesin of mannose-specific type 1 pili, which
are required for AIEC to colonize the gut mucosa of transgenic
CEABAC10 mice expressing human CEACAMs [31]. FimH
mediates binding to mannosylated CEACAM receptors present on
the colonic mucosa luminal surfaces of CEABAC10 mice and
human intestinal epithelial cells. This binding is thought to be the
primary molecular feature by which FimH promotes colitis [11].
In the 45 AIEC strains used in this study, we identified 22 amino
acid substitutions in FimH that were distributed throughout the
protein structure. Eight amino acids of FimH form a binding
pocket that interacts with D-mannose by hydrogen bonding and
hydrophobic interactions [42]. In all 92 strains tested (AIEC and
non-AIEC), the mannose binding pocket was conserved. Similar
observations were reported in a UPEC strain collection [43],
which indicates that the mannose binding pocket of FimH adhesin
is perfectly designed to engage with a monosaccharide receptor
and that amino acid substitutions in this pocket are not selected in
pathogenic E. coli because they are likely to disrupt, rather than
enhance, binding to mannose. However, we found amino acid
substitutions in AIEC strains belonging to the S70/N78 clade that
were located near the binding pocket and the interdomain linker
between the pilin and lectin domains. Interestingly, AIEC
belonging to the S70/N78 clade showed a higher ability to adhere
to undifferentiated or differentiated T84 intestinal epithelial cells.
This was observed after both short (as shown in Figure S2-A) and
long periods of bacteria-cell interaction, indicating that the
potential signaling and regeneration initiated during the time of
exposure to bacteria does not modify the differences between all
the mutants, as previously described [44]. In addition, a high but
not complete correlation between the binding of the FimH
constructs to intestinal and bladder epithelial cells was observed.
This suggests that FimH polymorphisms might be partly
associated with intestinal binding, but it is also possible that FimH
polymorphisms may be involved in increased fitness in intestinal
colonization and in bladder binding. Among the hotspots of amino
acid substitutions found in the S70/N78 clade, positions G73,
T158 and R166 are crucial for increasing bacterial adhesion to
T84 cells (Figure 7). Substitutions at these positions can induce
subtle modifications in FimH organization and thereby modify its
functionality. The Ca atom of the G73 residue, which harbors no
side chain, is located in close contact to residues 108 to 110. Its
substitution by glutamic acid can lead to steric constraints that
modify the conformation of FimH locally. Substitution of T158P
replaces a residue donor and/or acceptor of hydrogen bonds with
a proline, a residue harboring a five-membered ring, which
imposes rigid constraints. The side chain of R166 is involved in a
hydrogen bond network that links the pilin domain (R166) of
FimH to its lectin (A115) and pilin (D162) domains as well as
FimG (D2). The substitution of R166 breaks this network and may
therefore affect the interactions between these domains [45,46].
All these modifications are located in the vicinity of the
interdomain zone, which plays an important role in the catch
bond mechanism of FimH adhesion [47]. FimH exists in two
distinct functional states: one with relatively weak mannose
binding and another with strong mannose binding [16,48]. It
was predicted that the catch bond mechanism of shear-enhanced
bacterial adhesion involves conversion from the weak state into the
strong state via extension of the interdomain linker chain by drag-
originated tensile force and that the linker chain extension is
allosterically linked to the strong binding site conformation
[16,48]. The 3 substitutions may therefore affect these dynamic
processes and be the result of the same process, the aim of which is
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the pathoadaptation of the FimH interdomain zone, which
improves mannose binding in the CD ileal tract. We therefore
investigated the functional effect of FimH mutations under various
shear stresses. The amino acid substitutions G73R, A106T and
T158P led to very high binding, which is shear-independent. In
contrast, T158A (FimH7082) and G73W (FimHLF16) amino acid
substitutions led to shear-dependent low binding. A recent study
argued that the V27A substitution (i.e., with alanine in position 27)
is the primary pathoadaptive FimH mutation arising in AIEC
isolated from CD pediatric patients in the entire spectrum of
mucosal inflammation [49]. However, our data show that A27 is
found in most natural FimH variants, including the consensus
sequence, S70/N78 primary variants and FimH from non-AIEC.
Thus, V27A is unlikely to be pathoadaptive for AIEC in CD, as it
is not sufficient to mediate a high level of bacterial binding to
CEACAM receptors. In contrast, additional mutations, such as
T158P (in the A27 background), which is not found in AIEC
isolated from pediatric patients [49], enable FimH to strongly bind
to T84 intestinal epithelial cells and could confer advantage in the
context of an inflamed mucosa. This also suggests that shear might
not play a significant role in the binding of E. coli to intestinal
lesion sites, where conditions instead select for strong shear-
independent binding.
In a mouse model, it was observed that the advantage of
mutator bacteria when colonizing a new host is due to their ability
to generate adaptive mutations rapidly, enabling them to exploit
the ecosystem resources more quickly than wild-type bacteria [50].
For example, some natural bacterial isolates, such as those of
Pseudomonas aeruginosa found in the lungs of cystic fibrosis patients,
have a strong mutator phenotype. In the case of IBD patients,
owing to prolonged disease duration, it is possible that AIEC
evolves and adapts to colonize gut mucosa by FimH mutability.
Phylogenetic analysis of fimH sequences delineated a tight S70/
N78 clade containing LF82, the reference strain for AIEC.
Interestingly, UPEC (strain CFT073) and avian pathogenic E. coli
(strain O1:K1:H7) were also in this S70/N78 clade. This raises the
possibility that IBD-isolated E. coli are members of a general pool
of extraintestinal pathogenic E. coli that reside in the gut and have
evolved specific potentialities dependent upon their microenviron-
ment. Allelic replacement of the fimH gene in the AIEC LF82
genetic background by fimH from strains belonging to the FimH
consensus clade (non-pathogenic E. coli K12 and LF28) signifi-
cantly decreased the ability of bacteria to colonize the gut mucosa
of transgenic CEABAC10 mice expressing human CEACAM6
and consequently decreased the ability of AIEC bacteria to trigger
colitis (weight loss, diarrhea, presence of blood in stools),
histological damage to intestinal mucosa and pro-inflammatory
interleukin 1-beta secretion by the colonic loop. Similarly, it has
been reported that mutated FimH variants conferred an advan-
tage upon UPEC isolates in colonization of the urinary tract in a
mouse model and correlated with the overall extraintestinal
virulence of E. coli [19,28]. FimH is under positive selection in
clinical isolates of UPEC, which is consistent with its critical role in
human urinary tract infection [43,51]. Because antibiotic
resistance is rising among uropathogens, the identification of
FimH as a critical factor during UPEC infection provides avenues
Figure 7. Positions 73, 158 and 166 in the crystal structure of FimH in complex with FimG (pdb id: 3JWN). Carbon atoms are shown in
green for FimH and in violet for FimG. Oxygen atoms are shown in red and nitrogen atoms in blue. The hydrogen bonds are shown in red dashed
lines, and close contact in blue dashed lines.
doi:10.1371/journal.ppat.1003141.g007
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for the development of novel preventative measures against these
infections, such as vaccines targeting FimH, the development of
mannoside compounds, or, more recently, the design of
biarylmannose-derivative FimH antagonists (for review, [32]).
Based on our results, we could develop similar therapeutic
strategies for preventing AIEC colonization in CD patients.
This study reinforces a long-standing hypothesis that the
dynamics of pathogen genomes are important for infectious disease
processes. In general, data from comparative genomics support the
hypothesis of widespread involvement of horizontal gene transfer in
the evolution of E. coli, leading to the presence of distinct and
variable ‘genomic islands’ within the conserved ‘chromosomal
backbone’ in several bacterial lineages. In this study, we demon-
strate that not only mobile genetic modules but also point mutations
facilitate the rapid adaptation of E. coli, particularly AIEC strains, to
changing environmental conditions and hence extend the spectrum
of infection sites. These specific allelic variants in the fimH gene
could be a hint of specific E. coli adaptation to the inflammatory
state and could represent promising new targets for molecular
characterization of AIEC. The combination of PCR ABD typing,
MLST and fimH SNP analysis may be a useful method to predict
the potential virulence of E. coli isolated from IBD patients for
epidemiological studies and to identify new approaches for
therapeutic intervention to block interaction between AIEC and
gut mucosa in the early stages of IBD.
Materials and Methods
E. coli collection and phylotyping
The Escherichia coli strain collection was isolated from Crohn’s
disease (CD) patients or non-inflammatory bowel disease (IBD)
patients. The E. coli strains which had the ability to invade
intestine-407 cells and to replicate within macrophages were
considered adherent and invasive E. coli (AIEC). Forty-five AIEC
strains were obtained from CD patients (25 isolated from stools of
CD patients and 20 isolated from ileal mucosa), and 47 non-AIEC
strains were also obtained (25 isolated from ileal mucosa of CD
patients, 7 from ileal mucosa of non-IBD patients and 15 from
stools of non-IBD patients). E. coli isolates were phylotyped into A,
B1, B2 and D groups using a modified triplex polymerase chain
reaction (PCR) method [52]. The primers used are shown in
Table 4. For comparison, sequences of an E. coli K12 strain
(MG1655, GenBank accession no. NC_000913) and of strains
CFT073 (UPEC, NC_004431) and APEC O1 (APEC,
NC_008563) were used.
Multilocus sequence typing (MLST) and fimH sequencing
Multilocus sequence typing (MLST) was performed as previ-
ously described by Wirth et al. [37]. Alleles and sequence types
(ST) were assigned in accordance with the E. coli MLST website
(http://mlst.ucc.ie/mlst/dbs/Ecoli). fimH was amplified by PCR
and Sanger sequenced using the primers listed in Table 4.
Adhesion assay of human intestinal and bladder
epithelial cells
T84 cells (derived from human colorectal carcinoma) and T24
cells (human bladder epithelial cells) were purchased from ATCC
and maintained in an atmosphere containing 5% CO2 at 37uC in
appropriate medium. T84 cells were cultured in DMEM/Ham’s
F12 medium (PAA) supplemented with 10% (vol/vol) fetal calf
serum (Lonza, Walkersville, MD USA), 1% L-glutamine (Life-
Technologies), 200 U penicillin, 50 mg streptomycin, 0.25 mg
amphoterocin B per liter, and 1% hepes buffered saline solution
(Lonza), and T24 cells were cultured in McCoy media. Briefly, T84
intestinal epithelial cells were seeded at a density of 26105 cells/cm2
in culture plates (Falcon) for 48 H (undifferentiated) or 21 days
(differentiated). Cells were infected during a short (30 minutes) or a
long (3 hours) period at a multiplicity of infection of 10 bacteria per
cell for adhesion. Infected cells were centrifuged at 900 g for 10 min
at 25uC and maintained at 37uC. Cells were washed three times in
Table 4. Primers used in this study.
Target gene Primer used Primer sequence (59 to 39)
PCR
product (bp)
Annealing
Temp (6C) Reference
E. coli ABD typing
chuA chuA.1 GACGAACCAACGGTCAGGAT 279 55 [52]
chuA.2 TGCCGCCAGTACCAAAGACA
tspE tspE4C2.1 GAGTAATGTCGGGGCATTCA 211 55 [52]
tspE4C2.2 CGCGCCAACAAAGTATTACG
yjaA yjaA.1 TGAAGTGTCAGGAGACGCTG 152 55 [52]
yjaA.2 ATGGAGAATGCGTTCCTCAAC
Chromosomal mutant fimH strains
Isogenic
mutant fimH
MIfimHF CCCGAAGAGATGATTGTAATGAAACGAGTTATTACCCTGT
TTGCTGTACTGCGTAGGCTGGAGCTGCTTCG
1500 55 In this study
MIfimHR GCACCTGAGCCTGCCATTGGCAGGCTCTGTTCGGATTGTCG
GTAAAGTGCGCCATATGAATATCCTCCTTAG
fimH
amplification
fimHF CCCGAAGAGATGATTGTAATGAAACGAGTTATTACCCTGTTTGCTGTACTGC 1000 55 In this study
With
kanamycin-left
fimHR_km-left CGAAGCAGCTCCAGCCTACGCCTACAAAGGGCTAACGTGC
Kanamycin
amplification
kmF_fimH-right GCACGTTAGCCCTTTGTAGGCGTAGGCTGGAGCTGCTTCG 1500 55 In this study
fimHR_km-left CGAAGCAGCTCCAGCCTACGCCTACAAAGGGCTAACGTGC
doi:10.1371/journal.ppat.1003141.t004
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phosphate-buffered saline (PBS; pH 7.2). The epithelial cells were
then lysed with 1% Triton X-100 (Sigma) in deionized water.
Samples were diluted and plated onto Luria-Bertani (LB) agar plates
to determine the number of CFU corresponding to the total number
of cell-associated bacteria. T24 human bladder epithelial cells were
grown for 48 H in culture plates to reach confluency. Cells were
infected with 2.56106 bacteria per well and kept at 37uC for
30 min. Cells were washed and lysed as described above. Serial
dilutions of the bacteria were plated on LB agar plates for counting.
The adhesion index was expressed as the mean number of
associated bacteria per epithelial cell.
Construction of chromosomal mutant fimH strains
Figure 4A shows construction of fimH chromosomal mutants
obtained using the red recombinase system described by Datsenko
et al. [53] and Chaveroche et al. [54]: the chromosomal fimH gene
in LF82 was replaced by a kanamycin (Km) resistance cassette
from the pkD4 plasmid [53] using a linear PCR fragment made
with primers MIfimHF and MIfimHR (Table 4), yielding strain
LF82DfimH (KmR). The kanamycin resistance cassette was
removed by transient expression of the Flp recombinase from
the plasmid pCP20 [53], yielding the strain LF82DfimH (KmS).
The pKOBEG plasmid (ChloramphenicolR) was transformed into
LF82DfimH (KmS), yielding the strain LF82DfimH (KmS, CmR).
The fimHvariant gene was amplified from AIEC strains using
Platinum Taq high fidelity DNA polymerase (Invitrogen) with
primers FimHF and FimHR_Km-left. The kanamycin resistance
cassette was amplified from the pKD4 plasmid with primers
KmF_fimh-right and MifimHR (Table 4). After PCR clean-up
(Macherey-Nagel), the two PCR fragments were pooled and used
for PCR amplification (Taq high fidelity polymerase, Invitrogen)
without primers, yielding a 2.5 kb PCR fragment. The red
recombinase system was used to transform the LF82DfimH (KmS
CmR) strain with this 2.5 kb fragment, yielding strain LF82
DfimH/fimHvariant (Km
R,CmS). Chromosomal integration junc-
tions and the entire fimH gene sequence were verified by
sequencing for all fimH mutant strains.
CEACAM6 expression in T84 cells was measured by immu-
noblotting experiments as described in Barnich et al. [11].
Yeast agglutination titers
Commercial baker’s yeast (Saccharomyces cerevisiae) was suspended
in PBS (20 mg/mL). Bacterial strains were grown overnight at 37uC
without agitation on LB broth, washed, and resuspended in PBS at
an optical density of 0.5 at 620 nm. The bacterial suspension was
diluted and 50 mL were deposited on a 96-well microplate (Greiner).
Equal volumes of yeast cell suspension were added to each well.
Aggregation was monitored visually, and the titer was recorded as
the last dilution of bacteria giving a positive aggregation reaction.
Colony immunoblotting
Bacteria grown overnight in LB were harvested, resuspended in
PBS at OD620 0.1, and spotted onto nitrocellulose membranes.
Membranes were dried and blocked with 5% (w:v) milk in Tris-
buffered saline-Tween 0.05% (TBST) at room temperature for
2 h. Membranes were reacted with type 1 pili antiserum diluted 1/
1000 in TBST with 2% (w/v) milk overnight at 4uC. Immunor-
eactants were then detected using a secondary anti-rabbit antibody
conjugated with alkaline phosphatase and ECL (Thermo).
Transmission electron microscopy
Bacteria were grown overnight at 37uC without shaking on LB
broth, placed for 1 min on carbon-Formvar copper grids (Electron
Microscopy Sciences, Hatfield, England) and negatively stained for
1 min with phosphotungstic acid pH 6.0. Grids were examined
with a Hitachi H-7650 transmission electron microscope.
Bacterial binding
Static assays of bacterial adhesion to immobilized 1 M ligands
(Man1-BSA) were carried out in 96-well plates as described
previously [29]. To avoid any potential effects of the possibly
differential growth rate of different strains, the 1M-binding was
normalized to binding to trimannose (oligomannose substrate, as
in bovine RNAse B) to which all the FimH variants bind strongly
under static conditions. Briefly, the plates were coated with
mannosylated substrates in 0.02 M NaHCO3 buffer and blocked
with 0.1% BSA in PBS. 100 ml of E. coli suspension at A540 2.0
(radiolabeled by growing overnight in the presence of [3H]thymi-
dine) were then incubated in the wells for 45 min at 37uC. After
washing away unbound bacteria, the level of bacterial binding was
measured by counting the radioactivity in each well. The actual
number of bound bacteria was determined from calibration
curves. Each data point was done in quadruplicate and then
averaged.
Bacterial binding to 1M-BSA was performed as previously
described [55]. Surface accumulation of bound bacteria was
measured in a field of view (appx. 1506150 micrometers), after
3 min of flow at each shear.
Infection of mice
Twelve-week-old FVB/N CEABAC10 transgenic male mice
(body weight,<26–28 g) were pretreated by oral administration of
the broad-spectrum antibiotic streptomycin (20 mg intragastric
per mouse) to disrupt normal resident bacterial flora in the
intestinal tract [56] and were orally challenged with 109 bacteria
24 h later. Animals received a very low dose of 0.25% (wt/vol) of
dextran sulfate sodium (DSS; molecular mass = 36,000–50,000
daltons; MP Biomedicals) in drinking water starting 3 days before
infection to increase the accessibility of bacteria to the surface of
the epithelial layer. When mice attained 80% of their initial weight
or 3 days after oral bacterial infection, they were anesthetized with
isoflurane and then euthanized by cervical dislocation. Colonic
specimens were collected to quantify mucosal-associated bacteria
and to analyze histological damage. The spleen and liver were
removed to quantify translocated bacteria.
Bacteria interactions were also studied using mouse colonic
loops as previously described [57]. Mice were starved for 12 H
before surgery, with water available ad libitum. They were
anesthetized and their intestines exteriorized through a midline
incision. Two colonic segments (approximately 1 cm) were ligated
and inoculated by approximately 5.107 bacteria. After a 4 hour
period, mice were anesthetized with isoflurane and then eutha-
nized by cervical dislocation. Colonic loops were incubated in
DMEM/Ham’s F12 medium supplemented with antibiotics (see
paragraph on culture cells) for 24 H in an atmosphere containing
5% CO2 at 37uC to measure cytokine release.
One, 2, and 3 days after bacterial infection, fresh fecal pellets
(100–200 mg) were collected from individual mice and resuspended
in PBS. After serial dilution, bacteria were enumerated by plating
on LB agar medium containing 50 mg/mL ampicillin and 20 mg/
mL erythromycin to isolate the chromosomal fimH mutant of AIEC
LF82 and incubated at 37uC overnight. Mucosa-associated AIEC
bacteria at day 3 after infection were counted by homogenization of
2 cm of colon and by plating onto LB agar containing appropriate
antibiotics and incubated overnight at 37uC.
Colonic damage was ascertained by DAI as defined in Carvalho
et al. [31] (Table S3 in Text S1). Rectal bleeding was assessed by
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Hemoccult II test (SKD SARL), in which the scores range from 0
(healthy) to 12 (greatest colitis activity). For histological analysis, the
entire colon was excised and rolls of the proximal colon were fixed
in buffered 4% formalin, paraffin embedded, cut into 5 mm slices,
and stained with hematoxylin/eosin/safranin. The histological
severity of colitis was graded in a blind fashion by a GI pathologist.
The tissue samples were assessed for the extent and depth of
inflammation and the extent of crypt damage, as presented in
Table 5. The histology score corresponds to the sum of all items.
The amount of recombinant mouse interleukin 1 beta,
interleukin 6 and KC released in the culture supernatant of
colonic tissue was determined by enzyme-linked immunosorbent
assay (ELISA; R&D systems). The supernatant corresponded to
colonic specimens (2 cm) incubated in DMEM/Ham’s F12
medium supplemented with antibiotics (see paragraph on culture
cells) for 24 H in an atmosphere containing 5% CO2 at 37uC.
Statistical analysis/Phylogenetic analysis
Phylogenetic analysis of fimH and detection of adaptive amino
acid changes in FimH were inferred using zonal phylogeny
software [58]. Phylogenetic analysis of MLST data was based on
allelic profiles and the minimum spanning tree was constructed
using the Ridom Seqsphere software version 0.9 beta (Ridom
GmbH, Münster, Germany). P-values were derived using 262 x 2
statistics and p-values,0.05 were rated as significant. Quantitative
data were compared by the Mann Whitney test.
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the 45 AIEC and 3 reference (MG1655 [E. coli K12], UPEC
[CFT073], APEC) strains analyzed. In addition to the seven
housekeeping genes analyzed (adk, fumC, gyrB, icd, mdh, purA,
recA), the sequence type (ST) and ST complex are given.Table S3.
Disease Activity Index (DAI) assessment.
(DOCX)
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Abstract
Enterohemorrhagic Escherichia coli (EHEC) are food-borne pathogens that can cause serious infections ranging from
diarrhea to hemorrhagic colitis (HC) and hemolytic-uremic syndrome (HUS). Translocation of Shiga-toxins (Stx) from the gut
lumen to underlying tissues is a decisive step in the development of the infection, but the mechanisms involved remain
unclear. Many bacterial pathogens target the follicle-associated epithelium, which overlies Peyer’s patches (PPs), cross the
intestinal barrier through M cells and are captured by mucosal macrophages. Here, translocation across M cells, as well as
survival and proliferation of EHEC strains within THP-1 macrophages were investigated using EHEC O157:H7 reference
strains, isogenic mutants, and 15 EHEC strains isolated from HC/HUS patients. We showed for the first time that E. coli
O157:H7 strains are able to interact in vivo with murine PPs, to translocate ex vivo through murine ileal mucosa with PPs and
across an in vitro human M cell model. EHEC strains are also able to survive and to produce Stx in macrophages, which
induce cell apoptosis and Stx release. In conclusion, our results suggest that the uptake of EHEC by M cells and underlying
macrophages in the PP may be a critical step in Stx translocation and release in vivo. A new model for EHEC infection in
humans is proposed that could help in a fuller understanding of EHEC-associated diseases.
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Introduction
Enterohemorrhagic Escherichia coli (EHEC), a subset of Shiga
toxin-producing E. coli (STEC), have been associated with human
diseases, ranging from uncomplicated diarrhea to hemorrhagic
colitis (HC) and hemolytic-uremic syndrome (HUS). A recent
major outbreak in Germany, with thousands cases of foodborne
illness (and approximately 25% of them progressing to HUS) has
shed light on EHEC [1,2]. The gastrointestinal tract of cattle and
other ruminants appears to be the main reservoir of STEC strains
[3,4]. Several studies have reported a high prevalence of STEC
belonging to a wide range of serotypes in animals and food
products [3,4,5]. However, only a limited number of serotypes
have been associated with human disease, among which O157:H7
is predominant [3,6]. The association of serotypes with disease of
varying severity in humans and with outbreaks or sporadic disease
has led to the proposal that STEC be classified into 5
seropathotypes, from A (most virulent) to E (serotypes that have
not been involved in disease in humans) [7].
EHEC colonize the digestive tract of humans and produce
Shiga toxins (Stx1 and/or Stx2), also known as Verotoxins, which
are essential for virulence. Epidemiological studies, together with
in vitro and in vivo experiments, have shown that Stx2 is the most
common virulence factor associated with severe human disease
[3]. Stx are composed of an enzymatically active A subunit and a
pentameric B subunit. The B subunits form a doughnut-shaped
structure with a central pore and bind to the glycosphingolipid
globotriaosylceramide (Gb3, also known as CD77), which is
expressed at the surface of endothelial cells, leading to subsequent
internalization of the toxin [8]. The A subunit is able to inhibit
elongation of the peptide chain during protein synthesis, resulting
in eukaryotic cell death, tissue damage and organ failure [3,8].
EHEC, together with enteropathogenic E. coli (EPEC), belong to
the attaching and effacing (A/E) bacterial pathogens. They induce
histopathological lesions characterized by localized effacement of
the brush border microvilli and intimate attachment of the
bacteria to the apical membrane of epithelial cells, through the
formation of cytoskeletal actin pedestals [9,10]. All the genes
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involved in A/E lesions map to a pathogenicity island, the Locus
for Enterocyte Effacement (LEE) that encodes a type III secretion
system (TTSS) involved in the injection of several proteins and
effectors [11]. The first gene associated with A/E lesions is the eae
gene encoding intimin, an outer membrane protein. Intimin
binding to Tir, a receptor translocated from the bacteria to the
host cell, mediates intimate adherence of the bacterium to
epithelial cells. Several intimin types have been identified that
may determine the host tropism [12]. Many other factors have
been suggested to be associated with EHEC virulence. These
include enterohemolysin, a pore-forming cytolysin, an extracellu-
lar serine-protease, and a catalase-peroxidase [3,13]. Flagella are
also thought to play a role in adherence to epithelial cells. H7
flagella have been shown to act as an adhesin to bovine intestinal
epithelium [14] and H7 flagellin (encoded by the fliC gene)
induced proinflammatory signals in human colon epithelial cells
through activation of the MAP kinase and NF-kB pathways [15].
Experiments using in vitro organ culture (IVOC) of human
intestinal mucosa revealed a preferential tropism of EHEC
O157:H7 for the follicle-associated epithelium (FAE) overlying
the distal ileal Peyer’s patches (PPs), where it causes A/E lesions
[12,16,17]. The FAE is characterized by the presence of
specialized ‘‘membranous’’ or ‘‘microfold’’ cells (M cells), which
are specialized in the translocation of microorganisms and
antigens from the intestinal lumen to the basolateral side of the
epithelium, where they are delivered to the underlying macro-
phages [18,19]. While M cells are primarly involved in sampling
intestinal antigens, many invasive Enterobacteriaceae, such as
Salmonella enterica serovar Typhimurium [20], rabbit enteroadher-
ent E. coli [21] or Adherent-Invasive E. coli (AIEC) isolated from
patients with Crohn’s disease [22,23], take advantage of the
transcytotic characteristics of M cells to use them as an entry site to
translocate across the intestinal barrier.
Systemic complications associated with EHEC diseases such as
HUS require the expression and translocation of Stx, which are
produced by colonizing bacteria, from the gut lumen to underlying
tissues and the bloodstream. However, the mechanism of Stx
translocation across the epithelial barrier remains unclear as
human intestinal cells lack Gb3, the Stx receptor. Since EHEC
O157:H7 was found to interact initially with FAE in both humans
and cattle [12,16,24], we hypothesized that the uptake of bacteria
by M cells and underlying macrophages may be the first stage in
Stx translocation, and may represent an important step in the
pathogenesis of EHEC infections. We report here the interactions
of EHEC strains in vivo and ex vivo with murine PPs, and in vitro
using a human M cell model. Binding to the FAE and
translocation through M cells may result in the rapid contact of
bacteria with underlying human macrophages. However, little
information is known about the interactions between EHEC
strains and these cells. We decided, therefore, to investigate entry,
survival and proliferation of EHEC strains belonging to sero-
pathotypes A to C in human THP-1 macrophages. EHEC were
found to survive and to produce Stx within macrophages, leading
to host cell apoptosis and Stx release.
Materials and Methods
Bacterial strains
Bacterial strains and plasmids used in this study are given in
Table 1. The green fluorescent protein (GFP)-expressing strains
were obtained by electroporation of a high-copy plasmid
pFPV25.1. Before use, each strain was streaked onto LB agar
plates (BD Bioscience, USA) and grown overnight at 37uC in LB
broth, unless otherwise stated. When necessary, kanamycin or
ampicillin was added to the medium at 50 mg/ml. For ex vivo
experiments, a non pathogenic E. coli strain MG1655 (RifR) was
used and plated on LB medium containing rifampicin (300 mg/
ml).
Ethics statement
Animal protocols were approved by the committee for ethical
issues, CEMEA Auvergne (Agreement to Nicolas Barnich,
CEMEA CE16-09, Clermont-Ferrand, France). Mice were killed
by cervical dislocation according to animal care procedure.
Ex vivo interactions with murine Peyer’s patches
Eight- to ten-week old FVB/N wild-type male mice were bread
and reared in the animal care facility at the Université d’Auvergne
(Clermont-Ferrand, France) under specific pathogen free (SPF)
conditions.
Biopsies from ileum with or without PP were immediately
removed from mouse intestine and used for Ussing chamber
experiments. Briefly, 1 cm of ileal samples was opened along the
mesenteric border, splatted and mounted in an Ussing chamber
with an opening area of 0.96 mm2. Tissues were bathed in 37uC-
oxygenated Ringer solution for 5 h. A total of 1.6 ml of 16
107 CFU/ml (colony forming units) of EHEC or non pathogenic E.
coli was added to the mucosal compartment and 1.6 ml of Ringer
buffer was placed into the serosal side. To quantify the bacteria
translocated across mucosa, medium from the serosal compartment
was collected every hour, diluted, and plated onto LB agar plates.
The integrity of ileal mucosa was monitored throughout Ussing
chamber experiments using Fluorescein isothiocyanate (FITC)
(Sigma, St. Louis, MO). FITC diffusion was assessed by fluorescence
measurement in a microplate fluorescent reader (Fluoroskan Ascent
FL, Thermo) at an excitation wavelength of 485 nm and an
emission wavelength of 522 nm.
Mice ileal loop assay
Interactions of EHEC bacteria with PPs were studied using
mouse ileal loops, as previously described by Hitotsubashi et al. [25].
FVB/N wild-type male mice were starved for 24 h before operation
but provided with water ad libitum. The animals were anesthetized
and their intestine exteriorized through a midline incision. Two or
three intestinal segments (about 1 cm), each containing one PP,
were ligated, and 56108 CFU of bacteria (EHEC 86-24 WT and
86-24 Dstx2, a non-pathogenic E. coli strain K-12 C600, and a
control AIEC strain LF82) were injected into the ileal loop. Two
hours after injection, the animals were killed and the loops were
excised. To find a colocalization of 86-24WT bacteria with M cells,
4 mm sections of paraffin-embedded PPs were stained with
Tetramethyl Rhodamine Isocyanate (TRITC)-labeled Ulex europaeus
agglutinin 1 (UEA 1, Sigma-Aldrich, France) to label M cells.
Hoechst was used for nuclear staining and a monoclonal mouse
antibody raised against E. coli LPS O157 (Abcam, France) was used
to label EHEC bacteria. The slides were then analyzed with a Zeiss
LSM 510 Meta confocal microscope.
Cell lines and cell culture
The in vitro M cell co-culture model was first developped by
Kerneis et al. and later adapted by Gullberg et al. [26,27]. The
human colorectal adenocarcinoma cell-line Caco-2 clone 1 [27]
was grown in complete DMEM (PAA, Austria), supplemented
with 10% heat-inactivated fetal bovine serum (FBS) (Lonza,
Switzerland), 4 mM L-glutamine (PAA), 100 U/ml penicillin
(PAA) and 100 mg/ml streptomycin (PAA). The human Burkitt’s
lymphoma cell-line Raji B (ECACC 85011429) was grown in
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complete RPMI-1640 medium (PAA), supplemented with 10%
heat-inactivated FBS, 8 mM L-glutamine, 100 U/ml penicillin
and 100 mg/ml streptomycin.
The human (macrophage-like) monocyte cell line THP-1
(ATCC TIB202) was maintained in RPMI-1640 medium
supplemented with 10% heat-inactivated FBS and 4 mM L-
glutamine. THP-1 cells were activated using 20 ng/ml phorbol
12-myristate 13-acetate (PMA) (Sigma-Aldrich), seeded in 24-well
tissue culture plates (BD Falcon, USA) at a density of 56105 cells
per cm2, and grown for 18 h.
Vero cells (African green monkey kidney cells, ATCC CRL
1587) were grown at 37uC in Eagle basal medium (Seromed,
Table 1. Bacterial strains and plasmid used in this study.
Strains or
plasmids Serotype Seropathotype Characteristics stx genotype
Source or
reference
Strains
86-24 WT O157:H7 A Enterohemorragic E. coli O157:H7
reference strain
stx12 stx2+ [44]
86-24 Dstx2 O157:H7 NA 86-24 isogenic mutant with stx2
gene deleted
stx12 stx22 [15]
86-24 Deae O157:H7 NA 86-24 isogenic mutant with eae
gene deleted
stx12 stx2+ [15]
86-24 DfliC O157:H7 NA 86-24 isogenic mutant with fliC
gene deleted
stx12 stx2+ [15]
EDL933 O157:H7 A Enterohemorragic E. coli O157:H7
reference strain
stx1+ stx2+ ATCC 43895
CHVi-1 O157:H7 A E. coli isolated from a clinical case
with HUS
stx12 stx2+ [13]
CH1898 O157:H7 A E. coli isolated from a clinical case
with HUS
stx12 stx2+ [13]
CH075 O157:H7 A E. coli isolated from a clinical case
with HUS
stx12 stx2+ [13]
CH087 O103:H2 B E. coli isolated from a clinical case
with HUS
stx1+ stx22 [13]
CH089 O103:H2 B E. coli isolated from a clinical case
with HC
stx1+ stx22 [13]
NV-10 O26:H11 B E. coli isolated from a clinical case
with diarrhea
stx1+ stx22 [4]
CH071 O157:H26 C E. coli isolated from a clinical case
with HUS
stx12 stx2+ [13]
CH013 O91:H10 C E. coli isolated from a clinical case
with HUS
stx12 stx2+ [13]
CH085 O91:H10 C E. coli isolated from a clinical case
with HUS
stx12 stx2+ [13]
CH014 O91:H21 C E. coli isolated from a clinical case
with HUS
stx12 stx2+ [13]
VTH13 O91:H21 C E. coli isolated from a clinical case
with HC
stx1+ stx2+ Blanco Ja
CH016 O174:H2 C E. coli isolated from a clinical case
with HUS
stx12 stx2+ [13]
CH123 O5:H2 ND E. coli isolated from a clinical case
with HC
stx1+ stx22 [13]
CH017 O+:H2 ND E. coli isolated from a clinical case
with HUS
stx12 stx2+ [13]
CH023 O+:H2 ND E. coli isolated from a clinical case
with HUS
stx12 stx2+ [13]
LF82 O83:H1 NA Adherent-Invasive E. coli isolated
from a patient with Crohn’s disease
NA [45]
MG1655 OR:H48/K2 NA Non pathogenic E. coli NA Laboratory stock
C600 K-12 NA Non pathogenic E. coli NA Laboratory stock
Plasmid
pFPV25.1 Plasmid constitutively expressing
GFP
[46]
NA, not applicable; ND, not determined; HUS, Hemolytic-uremic syndrome; HC, Hemorrhagic colitis; WT, wild-type.
aLaboratorio de Referencia de E. coli, Universidade de Santiago de Compostela, Lugo, Spain.
doi:10.1371/journal.pone.0023594.t001
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Germany) supplemented with 10% FBS, 8 mM l-glutamine,
100 U/ml penicillin,100 mg/ml streptomycin and 1% vitamin
solution, and seeded in 96-well tissue culture plates at a density of
106 cells per ml.
All the cell lines were grown at 37uC under 5% CO2 in a
humidified atmosphere.
Vero toxin assay
To quantify Stx production, bacterial culture supernatants and
infected THP-1 supernatants were tested for cytotoxicity in the
Vero cell assay, as previously described [4]. THP-1 cells were
infected for 2 h, extra-cellular bacteria were removed and fresh
medium was added for 3 h, before testing Stx in supernatants. The
Stx titre was expressed as the reciprocal of the highest filtrate
dilution that caused 50% cell detachment after 24 h of incubation,
as judged by the dye intensity and by microscopic observation (the
breakpoint for a positive result was a titer of 4). Known
concentrations of purified Stx2 (Toxin Technology, USA) were
used to estimate the range of Stx2 release within macrophages.
Each experiment was performed at least 3 times.
Bacterial translocation across M cells
A total of 16106 Caco-2-cl1 cells per ml were seeded onto the
apical aspect of TranswellTM filters (Millipore Ltd, UK) previously
Figure 1. Ex vivo transmucosal uptake of EHEC bacteria by murine Peyer’s patches, and in vivo interactions with murine M cells in
ileal loop assays. (A) Ex vivo interaction of E. coli O157:H7 (strain 86-24 WT) with murine mucosa isolated from the ileum with (n= 10) or without
(n= 7) Peyer’s patches (PPs) in Ussing chambers. Each point represents the number of translocated bacteria (CFU/mm2) for one experiment at the
time of infection (0 h) and after 3 h, 4 h and 5 h of contact. Lines represent the median values of the group. Comparisons were made with the Mann-
Whitney test. *, Ileum with PP significantly different from ileal mucosa (P,0.05). (B) Ex vivo interaction of non pathogenic E. coli MG1655 with murine
ileal mucosa isolated from the ileum with (n= 5) or without (n= 6) PPs in Ussing chambers. Each point represents the number of translocated bacteria
(CFU/mm2) for one experiment at the time of infection (0 h) and after 3 h, 4 h and 5 h of contact. (C) Macroscopic analysis of murine PP sections after
a two-hour contact with EHEC 86-24 WT, 86-24 Dstx2, AIEC strain LF82 and non pathogenic E. coli K-12 strain C600 in ileal loop assays. Dashed circles
indicate PP. Scale bar = 1 mm. (D) Confocal analysis of murine PP sections after labeling of EHEC 86-24 WT with anti LPS O157 antibody (green), of M
cell with UEA-1 TRITC (red) and DNA with Hoechst (blue). Scale bar = 20 mm. Arrowheads, bacteria associated with UEA-1-positive cells.
doi:10.1371/journal.pone.0023594.g001
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coated with BD MatrigelTM (USA). Cells were carefully cultured
for 17 days until they reached a fully differentiated phenotype.
56105 Raji-B cells were added to the basolateral compartment of
Caco-2 monolayers and co-culture was maintained for 4–6 days.
Monocultures of Caco-2 cells on matched filter supports were used
as control.
For translocation assay, apical surface of M-cells were infected
with 16107 bacteria per transwell. Samples from basolateral
media were collected every hour for 5 h, and 10-fold dilutions
were plated onto LB agar. The integrity of cell monolayers was
tested by monitoring trans-epithelial electrical resistance (TEER)
with a MillicellH-ERS (Millipore).
Figure 2. In vitro translocation of EHEC strains across human M cell monolayers. The number of translocated bacteria (CFU/ml) at 1 to 5 h
post infection was determined in M cell monolayers versus control Caco-2 monolayers, for EHEC 86-24 Dstx2 (O157:H7) (A) and compared with 86-24
WT and 86-24 Deae (B) and with EDL 933 (O157:H7) and CH087 (O103:H2) (C). Results are means 6 standard error of mean (SEM) for replicate
experiments. Translocation through M cell monolayers significantly different from that of Caco-2 monolayers (* P,0.05 or ** P,0.01).
doi:10.1371/journal.pone.0023594.g002
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Bacterial uptake, survival and replication in human
macrophages
Bacterial uptake, survival and replication were measured by the
gentamicin protection assay. Bacterial strains were grown for 2 h
at 37uC in LB. Before infection, cell monolayers were washed
twice with PBS and the medium was replaced with 1 ml of RPMI-
1640 supplemented with 10% heat-inactivated FBS for 2 h. THP-
1 cells were infected with a multiplicity of infection (MOI) of 10
bacteria per macrophage. After a 2-h incubation, infected
macrophages were washed twice with PBS, and fresh cell culture
medium containing 20 mg/ml of gentamicin was added to kill
extracellular bacteria. After incubation for 1, 4, 24 or 48 h, the
medium was removed, cells were washed once with PBS, and a
5 min treatment with 500 ml 1X-triton was used to lyse the
eukaryotic cells. This concentration of Triton X-100 had no effect
on bacterial viability for at least 30 min. Samples were collected,
diluted, and plated onto Mueller-Hinton agar plates to determine
the number of bacteria surviving gentamicin killing assay. Survival
was expressed either as CFU/well or as the mean percentage of
the number of bacteria recovered at 4, 24 and 48 h post-infection,
compared to that at 1 h post-infection, defined as 100%. Each
experiment was performed at least five times.
Lactate dehydrogenase activity (LDH)
Supernatants of infected macrophages were sampled at 1, 4, 8
and 24 h of gentamicin treatment, and assayed for LDH activity
using reduced nicotinamide adenine dinucleotide (NAD) as a
substrate (LDH kit, Boehringer Mannheim, France).
Hoechst Staining of THP-1 macrophages
Coverslips with adherent infected THP-1 cells were collected at
specified time points, fixed with 4% paraformaldehyde, washed
twice with PBS, and stained with Hoechst (5 mg/ml) for 30 min at
room temperature. Coverslips were washed three times with
saponin, twice with PBS, and mounted on glass slides. Apoptotic
nuclei were quantified by fluorescence microscopy. Each exper-
iment was performed four times. Five random fields were counted
on each slide.
Transmission electron microscopy (TEM)
Cross sections of THP-1 cells were prepared as follows. After
infection, cells were fixed with 3% glutaraldehyde in 0.2 M
cacodylate buffer at 4uC for 2 h and post fixed in 1% OsO4 in
cacodylate buffer at 4uC for 1 h. After dehydratation in ethanol,
cultures were embedded in a 2-mm-thick Epon coating and
polymerized for 3 days at 60uC. Suitable areas were oriented
parallel to the cell layer surface on Epon blocks with an Epon
mixture. Ultrathin sections were contrasted with uranyl acetate
and lead citrate. Grids were examined with Hitachi H7650 TEM.
Confocal microscopy of infected THP-1 macrophages
After infection with GFP-expressing bacteria, as described
above, THP-1 cells were washed with PBS to eliminate extra-
cellular bacteria and fixed with 3% paraformaldehyde for 10 min.
Fixed-cells were washed with PBS, incubated for 5 min with
0.1 M glycine, washed with PBS, and permeabilized with 0.1%
Triton X-100 for 20 min. After PBS-washing, slides were
incubated twice for 10 min, each time with PBS–0.2% gelatin.
Actin cytoskeleton was stained for 15 min using TRITC-
phalloidin (Sigma-Aldrich, France). Monolayers were then washed
with PBS and distilled water, stained with 49,6-diamidino-2-
phenylindole (DAPI) and mounted on glass slides with a Mowiol
solution (Calbiochem, Darmstadt, Germany). The slides were
examined with a Zeiss LSM 510 Meta confocal microscope.
Statistical analysis
The Student t-test was used for unpaired data with a 5% level of
significance for the comparison of values. For Ussing chamber
experiments, comparisons were made with the unpaired Mann
Whitney test.
Results
EHEC strains interact ex vivo with murine Peyer’s patches
and in vivo with murine M cells
EHEC mucosal translocation across murine ileal mucosa was
studied in Ussing chambers. Transmucosal uptake of EHEC 86-24
Figure 3. Survival and replication of EHEC strains within human THP-1 macrophages at 24 h post-infection. Results are expressed as
the number of intracellular bacteria at 24 h relative to that obtained at 1 h after gentamicin exposure, taken as 100%. A, seropathotype A; B,
seropathotype B; C, seropathotype C; ND, seropathotype not determined. All assays were performed independently at least five times. Results are
means 6 Standard Deviation (SD) for the replicate experiments.
doi:10.1371/journal.pone.0023594.g003
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WT bacteria through murine ileal mucosa without PP was very
low, even after 5 h of infection (Figure 1A). In contrast, bacterial
translocation was observed for ileal biopsies containing PP,
reaching a median number of translocating bacteria of
1.16105 CFU/mm2 at 5 h, versus no translocating bacteria for
6 out of 7 ileal mucosa without PP (P,0.05) (Figure 1A). As a
control, a non pathogenic E. coli strain was not able to translocate
across ileal mucosa either with or without PP (Figure 1B). The
integrity of ileal mucosa was monitored throughout Ussing
chamber experiments: FITC diffusion was limited and there was
no difference between Stx-producing bacteria and non pathogenic
E. coli (Figure S1). To confirm ex vivo data, in vivo experiments using
mouse ileal loop containing one PP were performed. Interestingly,
bloodshot PPs were observed macroscopically in ileal mucosa after
a two-hour contact with wild type EHEC. This was not the case
with a Stx-negative E. coli strain 86-24 Dstx2, nor with the AIEC
strain LF82, an invasive E. coli pathovar known to target PPs, nor
with a non pathogenic E. coli strain K-12 C600 (Figure 1C).
Confocal analysis revealed that 86-24 WT EHEC bacteria interact
with murine M cells (Figure 1D).
EHEC strains are able to translocate across M cells
Since 86-24 WT EHEC interact in vivo with murine M cells, we
used an in vitro model in which human intestinal epithelial cells
acquire M cell-like characteristics after being co-cultured with Raji
B cells to study bacterial translocation. Experiments were first
Figure 4. Entry and survival of EHEC strains within THP-1 macrophages. Percentage of intracellular bacteria at 1 h relative to 86-24 WT
taken as 100% (A), and percentage of intracellular bacteria at 24 h/1 h and 48 h/1 h post-infection (B) for EHEC 86-24 WT, and 86-24 Dstx2, 86-24
Deae, and 86-24 DfliC isogenic mutants. All assays were performed independently at least four times. Results are means 6 SD for the replicate
experiments. Panel A) * 86-24 DfliC significantly different from 86-24 WT (P,0.05). Panel B) * 86-24 Dstx2 significantly different from 86-24 WT at 24 h
post-infection (P,0.05).
doi:10.1371/journal.pone.0023594.g004
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performed using an E. coli 86-24 Dstx2 mutant to avoid possible cell
death induced by Stx. Translocation of E. coli 86-24 Dstx2
remained at low levels with the control Caco-2 monolayer [27]
(4.66106616106 CFU/ml), but increased with time in the in vitro
M cell model, reaching 5.1610761.76107 CFU/ml at 5 h post
infection (P,0.01) (Figure 2A). The behavior of 86-24 WT and
86-24 Deae mutant was then analyzed and was similar to that of
86-24 Dstx2 (Figure 2B), indicating that (i) Stx does not interfere
with the co-culture model and (ii) intimin (product of the eae gene)
is not directly involved in translocation in this model. An
additional O157:H7 reference strain (EDL933) and a non-O157
EHEC of serotype O103:H2 (CH087) were also able to translocate
across M cells (Figure 2C), supporting the hypothesis that this
mechanism could be extended to all EHEC strains. In contrast,
the non pathogenic E. coli strain K-12 C600 was not able to
translocate at levels similar to that of EHEC strains, since only
7.46104 CFU/ml were recovered after a 5 h contact with M cells.
The translocation of EHEC bacteria was not the result of a loss of
the monolayer integrity, since TEER stayed constant during the
5 h of infection (Figure S2).
EHEC strains can replicate within THP-1 macrophages
The study was performed with 15 EHEC strains isolated from
HC/HUS patients and two O157:H7 reference strains (86-24 WT
and EDL933). Bacterial uptake, survival and replication in THP-1
cells were measured by the gentamicin protection assay. The non
pathogenic E. coli strain K-12 C600 was used as a negative control
and AIEC strain LF82 (isolated from a patient with Crohn’s
disease and able to highly replicate within macrophages) as a
positive control [28,29]. The number of intracellular bacteria was
determined 1 h, 24 h and 48 h post-infection in the presence of
gentamicin. The ability of EHEC strains to enter macrophages
varied widely from one strain to another. The amount of
intracellular bacteria at 1 h post-infection ranged from
1.76104 CFU/well for CH016, to 5.86105 CFU/well for
CH015 (data not shown). The ability to enter macrophages was
not related to serotype or belonging to a seropathotype.
Survival or replication of EHEC strains at 24 h post-infection was
expressed as a percentage compared to the number of bacteria at
1 h, defined as 100%. The nonpathogenic E. coliK-12 C600 control
strain was slowly but efficiently killed following phagocytosis by
THP-1 cells: only 7% of the bacteria initially internalized were
recovered at 24 h post-infection, evidence of the bactericidal activity
of the THP-1 macrophages (Figure 3). All EHEC strains were able
to survive within macrophages after 24 h. Compared to those of the
negative control (E. coli K-12 C600), the percentages of survival
were higher, ranging from 23% for CHVi-1 to 155% for CH071.
However, in contrast with what was observed for the positive
control (AIEC strain LF82), the number of intracellular bacteria at
24 h post-infection was smaller than at 1 h post-infection (less than
100%) in all but two strains (CH013 and CH071). No link was
found between the ability of strains to survive/replicate and their
serotype. After investigating the ability of strains to express Stx, we
observed that the strains able to replicate within macrophages no
longer expressed Stx (Stx titers,4, see Figure 3).
To confirm that Stx play a role in the ability of EHEC strains to
survive and/or replicate within macrophages, stx isogenic mutants
of the O157:H7 reference strains 86-24 WT and EDL933 were
used. For 86-24 WT, the number of bacteria internalized after 1 h,
defined as 100%, was 2.16105 CFU/well (Figure 4A), and the
survival rate was 51%, indicating that the level of intracellular
bacteria was two-fold lower after 24 h than after 1 h (Figure 4B).
The entry of the 86-24 Dstx2 mutant was slightly less than that of
the wild type (81%, Figure 4A), but the percentage of survival was
186% (Figure 4B), indicating that the number of intracellular
bacteria had almost doubled compared to time 1 h. The behavior
of the isogenic Deae mutant did not differ from that of the 86-24
WT strain. Interestingly, the percentage of survival at 48 h post-
infection was low for all the strains tested, around 5% for Stx-
producing strains and 35% for Dstx2 mutants and non-Stx-
producing bacteria. Identical results were obtained with EDL933
and its isogenic Dstx and Deae mutants (data not shown).
Cytotoxic effects of EHEC infection on THP-1
macrophages
To check if EHEC were able to produce Stx within
macrophages, supernatants of infected THP-1 cells were tested
using a Vero toxin assay. High amounts of Stx were recovered
from THP-1 macrophages infected with EHEC 86-24 WT and
EDL933: the cytotoxic titer was 1/256 (1/28) and the average
amount of toxin was estimated to be 8.261.8 ng/ml. As expected,
no cytotoxic effect was observed in the supernatants of THP-1
infected with a non pathogenic E. coli strain or the 86-24 Dstx2
mutant (Table 2).
Culture supernatants of infected macrophages were assayed for
the presence of the cytoplasmic LDH to estimate the membrane
integrity of the cells and the cytotoxic effect of EHEC strains. The
amounts of LDH released were expressed as LDH activity
recovered in the supernatant relative to LDH activity of total cell
lysis defined as 100%. Infection of THP-1 cells with wild type 86-
24 EHEC strain resulted in high release of LDH, which reached
20% at 24 h post-infection (Figure 5A). In contrast, the amounts of
LDH released from Dstx2-infected macrophages were significantly
lower than those of cells infected with the 86-24 WT strain
(P,0.05). Since Stx have been shown to induce apoptosis in
epithelial, endothelial and monocytic cells [30,31], we decided to
perform fluorescence microscopy analysis of THP-1 nucleus
stained with Hoechst. Unlike the 86-24 Dstx2 mutant, macro-
phages infected with 86-24 WT for 24 h had fragmented nuclei,
characteristic of apoptotic cells (Figure 5B). Quantifications of
apoptotic cells are shown in Figure 5C. After a 4-h to 24-h
infection, 86-24 WT increased the percentage of apoptotic cells,
compared with cells infected with the Dstx2 mutant or non infected
(NI) cells (P,0.05). At 24 h, the percentage of apoptotic cells
reached 5% of the remaining cells, compared to 0.3% and 0.1%
with the Dstx2 mutant and non infected cells, respectively
(P,0.05).
Morphological data to confirm the cytotoxic effects and survival
of EHEC wild type strain and the Dstx2 mutant within THP-1 cells
were obtained with confocal microscopy and TEM. One hour
Table 2. Quantification of Stx released after THP-1 infections.
Strains Cytotoxic titera
Stx concentrationb
(ng/ml)
86-24 WT 1/256 8.261.8
86-24 Dstx2 - 0
86-24 Deae - 0
EDL933 1/256 8.261.8
K-12 C600 - 0
aThe verotoxin titer was expressed as the reciprocal of the highest sample
dilution which caused 50% cell detachment after 24 h of incubation.
bStx concentration in the supernatant of infected THP-1 macrophages.
The results of 3 independent sets of data are presented.
-, no cytotoxic effect.
doi:10.1371/journal.pone.0023594.t002
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after infection, whatever the strain, many macrophages were
infected with only a few bacteria present in small vacuoles
(Figure 6A and C). At 24 h post-infection with 86-24 WT, cell
layers were damaged and very few bacteria were found within
macrophages (Figure 6D), suggesting that Stx production had
driven the cells to apoptosis and release of intracellular bacteria
Figure 5. Induction of apoptosis in THP-1 macrophages infected by EHEC strains. Percentage of lactate dehydrogenase (LDH) activity at
1 h, 4 h, and 24 h post-infection (A). Fluorescence microscopy analysis of 86-24 WT and 86-24 Dstx2 infected THP-1 macrophages stained with
Hoechst at 24 h post-infection. Arrowheads indicate the fragmented nuclei of apoptotic cells (B). Quantification of apoptosis in infected THP-1
stained with Hoechst (C). Results are expressed as percentage of apoptotic cells numbered by microscopy observation. Results are mean 6 SEM of
four independent experiments. NI, non infected. Panel A) * 86-24 Dstx2 significantly different from 86-24 WT at 24 h (P,0.05). Panel C) 86-24 Dstx2
and NI significantly different from 86-24 WT at 4 h and 24 h (*) (P,0.05).
doi:10.1371/journal.pone.0023594.g005
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into the antibiotic containing media. In contrast, THP-1
macrophages infected with the 86-24 Dstx2 mutant contained
many bacterial clusters (Figure 6B and E), indicating that non-Stx-
producing bacteria were able to replicate within macrophages; no
morphological evidence of cytotoxicity was observed, confirming
LDH release results.
Discussion
EHEC O157:H7 are one of the most common pathogens
involved in large outbreaks of severe gastrointestinal illnesses
around the world [2,6]. EHEC are implicated in a wide spectrum
of clinical outcomes ranging from nonbloody diarrhea to HC and
HUS. Stx, one of the major virulence factors produced by EHEC,
plays an important role in the development of complications such
as HUS [3]. To cause human illness, orally ingested EHEC must
survive the acidic environment of the stomach [3]. However,
recent studies evaluating the survival of an E. coli O157:H7 strain
in a simulated in vitro model of human digestive tract, revealed a
bacterial mortality in the stomach and duodenum. A bacterial
growth was observed in the distal parts of the small intestine,
suggesting that high levels of bacteria could be present in the ileum
and in the colon [32]. EHEC are thought to colonize the colonic
mucosa but do not invade deeper layers of the mucosa or spread
systemically. Studies conducted using human intestinal IVOC
have revealed a preferential tropism of EHEC for the FAE
overlying ileal PPs, which is associated with a lack of colonic
adhesion [12,16,17]. EHEC can induce A/E lesions on IVOC
prepared from bovine ileum [16], but the principal site of
colonization of EHEC O157:H7 is the lymphoid follicle-dense
mucosa at the terminal rectum in the bovine host [24]. If EHEC
target FAE, we hypothesized that the uptake of bacteria by M cells
and underlying macrophages, which is observed for some
pathogenic bacteria, may be the first step in EHEC translocation
and subsequent toxin transport across the intestinal barrier.
It is now well documented that invasive members of the
Enterobacteriaceae family, such as Salmonella, Shigella or AIEC, use M
cells as the initial point of interaction with the host mucosa
[18,20,22,23,33]. M cells transcytosis has been studied in vitro using
a procedure to differentiate human intestinal epithelial cells (Caco-
2) into M cells by co-culture with Raji B lymphocytes. This model
exhibits morphological and functional characteristics of M cells,
such as loss of microvilli, downregulation of brush-border enzy-
mes, upregulation of particle transport, and enhanced transloca-
tion of pathogens [26,27]. Salmonella translocation across this co-
culture model was greater than in Caco-2 control monolayers,
while translocation of EPEC, Listeria monocytogenes or Clostridium
difficile was not enhanced in M cells compared to Caco-2 [18,34].
We show here for the first time that EHEC strains, including
O157:H7 and non-O157 serotypes, are able to significantly
translocate through M cell monolayers compared to Caco-2
monolayers. A non pathogenic E. coli strain was not able to
translocate at levels similar to that of EHEC strains. The high level
of EHEC translocation through M cells is not a result of the loss of
monolayer integrity, since the transepithelial electrical resistance of
M cell monolayers was not modified after infection neither with
EHEC strains 86-24 WT and EDL 933, nor with a non
pathogenic E. coli. The Ussing chamber system is also a useful
model of ex vivo intact organ culture to study mechanisms of
bacterial translocation and the pathogenesis of enteric infections.
Figure 6. Survival and cytotoxic effects of EHEC strains within THP-1 macrophages. Confocal microscopy (A and B) and Transmission
Electron Microscopy (TEM) (C, D, and E) analysis of THP-1 macrophages infected with EHEC strains. THP-1 macrophages were infected with the 86-24
WT strain (A, C and D) and with the 86-24 Dstx2 isogenic mutant (B and E) at 1 h post-infection (A and C) and at 24 h post-infection (B, D and E). For
confocal micrographs, THP-1 macrophages were infected with GFP-positive 86-24 WT and 86-24 Dstx2 isogenic mutant (green color). The actin
cytoskeleton of cells was stained with TRITC phalloidin (red), and DNA was stained with DAPI (blue). Arrowheads indicate bacteria within THP-1
macrophages. Scale bar = 10 mm (A and B). Scale bar = 1 mm (C, D and E).
doi:10.1371/journal.pone.0023594.g006
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Transmucosal uptake of EHEC strain 86-24 WT was confirmed
and we observed high levels of bacterial translocation through
murine ileal mucosa containing PP, whereas very few bacteria
crossed the ileal mucosa in the absence of PP. In vivo ileal loop
assays confirmed a specific targeting of EHEC to FAE overlying
PP regions. Taken together, our in vitro, ex vivo and in vivo
Figure 7. New working model for EHEC infection in humans. The diagram shows a monolayer of intestinal epithelial cells with EHEC infection
in the lumen. Stx production occurs in the intestine. The bacteria cross the intestinal barrier through M cells. In the lamina propria, bacteria enter,
survive, and produce Stx within resident macrophages. Following replication of bacteria in macrophages, extensive Stx production induces host cell
death. Subsequently, released Stx could cross the downstream blood vessels to reach the kidneys, intestine, and brain. Damage to these organs
results in serious life-threatening complications in humans.
doi:10.1371/journal.pone.0023594.g007
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experiments demonstrate that EHEC strains target M cells on the
surface of PPs in order to translocate across the epithelial barrier.
Moreover, we describe for the first time that a two-hour contact
with wild type EHEC induces hemorrhagic lesions in PPs in ileal
loop assays, whereas such phenomenon is not found for AIEC
strain LF82, an invasive E. coli pathovar known to target PPs [23].
A Stx-negative mutant is not able to induce bloodshot in ileal loop,
which confirms the well known role of Stx in hemorrhagic lesions.
The molecular mechanisms that mediate the transport of bacteria
across M cells remain unclear, and the bacterial effectors involved
have not yet been totally identified. Intimin types might play a role in
determining the pattern of colonisation and tissue tropism in the host,
and intimin c appears to restrict colonization of O157:H7 strains to
human FAE [16]. Moreover, intimin c binds b1-integrins, which are
expressed on the apical surface of M cells [35]. Contrary to
expectations, deletion of the eae gene in strain 86-24 did not alter
translocation rates in our M cell model (Figure 2B) whereas the
mutant was impaired in its capacity to adhere to epithelial intestinal
cells (data not shown). Our results indicate that the LEE encoded
genes may not promote translocation across M cells in EHEC. The
long polar fimbriae (LPF), encoded by the lpf operon, play a key role
in Salmonella enterica serovar Typhimurium [36] and in AIEC [23] to
mediate bacterial interactions with M cells. The lpf operon was
detected in an O91:H21 HUS associated strain, using a genomic
subtractive hybridization procedure to identify virulence DNA
sequences [37], and the complete genome sequence of O157:H7
strains revealed the presence of two lpf operons [38,39]. Their
expression is tightly regulated, and LPF were reported to be
associated with adherence in EHEC O157:H7 to cultured epithelial
cells [40]. However, deletion of one or both of the lpf operons in
O157:H7 did not reduce FAE adhesion but enhanced colonization to
small intestine, suggesting that LPF do not promote the targeting of
PP in EHEC O157:H7 [41].
The enteric pathogens crossing the FAE are captured by
resident macrophages and subepithelial dendritic cells in the dome
of the lymphoid follicle [19]. In this study, we analyzed the entry,
survival and proliferation of 17 EHEC strains and isogenic
mutants in human THP-1 macrophages. We showed that EHEC
were able to survive within macrophages for 24 h and to produce
Stx, thereby inducing cell apoptosis of THP-1 macrophages and
toxin release. Studies using human epithelial, endothelial and
monocytic cell lines have shown that purified Stx induce apoptotic
cell death in vitro [31]. The mechanism of Stx-induced apoptosis in
the human myeloid leukaemia cell line THP-1 involves the
increased expression of DR5 and TRAIL and activation of
caspase-8 via a calpain-dependent mechanism through endoplas-
mic reticulum stress response [30,31]. Furthermore, Stx encoding
genes were seen to be up-regulated in intracellular bacteria [42].
Stx1 and Stx2 are able to cross polarized intestinal epithelial
cells via a transcellular process and to remain biologically active
after translocation, and it was shown that neutrophil transmigra-
tion enhanced the translocation of Stx, probably by opening a
non-specific paracellular pathway across a polarized monolayer of
T84 epithelial cells [43]. Here we propose an alternative pathway
for Stx translocation via bacterial uptake by M cells and underlying
macrophages. After bacterial uptake by M cells, Stx induce
apoptosis in underlying infected macrophages, which leads to
EHEC and toxin release in the lamina propria. In our experimental
conditions, the average survival rate for the 86-24 wild type strain
was only 51% because bacteria released into the antibiotic
containing media were killed. In contrast in vivo, EHEC strains
could be released in the lamina propria. We found that EHEC were
able to replicate within THP-1 macrophages after 24 h but were
killed after 48 h, unlike AIEC LF82 strain, which was still able to
replicate within macrophages [28,29]. More and more bacterial
pathogens are observed to be able to translocate across the FAE via
M cells, but their fate varies greatly depending on the pathogen.
Salmonella, which are able to survive within macrophage, can
spread throughout the organism, leading to bacteraemia and to
systemic diseases. In contrast, infections due to Shigella or AIEC are
restricted to the digestive tract. In vivo, EHEC could be eventually
killed and therefore would not invade deeper layers of the mucosa,
but the toxins released could gain access to the systemic circu-
lation. The amount of toxin that translocates across intestinal
epithelia is probably one of the most important factors in
determining the development of systemic complications.
As observed with Shigella, the infectious dose for E. coli O157:H7
estimated from outbreak data is considered to be as low as 1 to 100
organisms [3]. The targeting of bacteria to M cells and subsequent
capture by macrophages could explain why only a small amount of
bacteria would be sufficient to trigger disease, which determines, in
part, the efficiency of the infection and the low infectious dose. We
propose a new model for EHEC infection in humans (Figure 7)
and suggest that bacteria cross the intestinal barrier through M
cells overlying PPs. In the lamina propria, bacteria could enter,
survive, and produce Stx within resident macrophages, inducing
host cell apoptosis. In this case, however, bacteria would be
eventually killed without causing bacteraemia. Subsequently,
released Stx would cross the downstream blood vessels to reach
the kidneys, intestine, and brain leading to severe disease in
humans. The study of the relationships between interactions with
M cells and the development of disease could help in designing
novel therapeutic approaches to EHEC infection.
Supporting Information
Figure S1 Integrity of murine ileal mucosa determined
by monitoring of FITC diffusion. The mucosal integrity was
monitored ex vivo in Ussing chambers by following FITC diffusion
after infection with EHEC strain 86-24 WT and non pathogenic E.
coli strain MG1655. Murine mucosa was isolated from the ileum,
with Peyer’s Patches (PP) (86-24WT& andMG1655% ) or without
PP (86-24WTN andMG1655#) placed inUssing chambers during
a 5-hour contact. One representative set of data is presented.
(TIF)
Figure S2 Integrity of cell monolayers determined by
trans-epithelial resistance (TEER) measurement. TEER
was monitored during a 5-hour infection in Caco-2 (A) and M cell
monolayers (B), infected with EHEC strains 86-24 WT (Caco-2 m
and M cells n), and EDL 933 (Caco-2 N and M cells #) or with a
non pathogenic E. coli K-12 C600 (Caco-2 & and M cells e).
(TIF)
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